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Abstract 
 
Earlier research carried out on the ductility of Al-Si-Cu-Mg alloys have showed that the 
ductility of Al-Si-Cu-Mg alloys with high levels of Fe (0.5 wt. %) and Cu (4.0 wt. %) is 
increased at high (7~9%) concentrations of Si. Quantitative metallographic analysis 
performed on these alloys suggested that the refinement of both Fe-rich -Al5FeSi and Cu-
rich -Al2Cu intermetallics, arose from the shorter solidification path accounting for the 
increased ductility. More recent studies on the effect of Si concentration on the size and 
shape of iron-rich (Al5FeSi) intermetallic phase of ternary Al-Si-0.8Fe alloys showed that 
the size of -Al5FeSi plates increased with increasing silicon content. It was then proposed 
that the presence of Cu was adamant to the refining effect of Si, presumably through the 
introduction of low melting point pools of Cu-Al eutectic. It was proposed that Fe remained 
in solution in the Cu-rich liquid, whereas the liquid pools were dispersed by the high 
volume fraction of Al-Si eutectic, thus resulting in a finely dispersed and highly refined 
distribution of Fe- and Cu- rich intermetallics.  
      
Hence, this project has conducted a systematic study across a range of Al-Si-Cu-Mg alloys 
to elucidate the mechanisms by which increased Si refines and disperses the Fe- and Cu-
rich phases, increasing the material’s ductility. Limits to the effect have been determined, 
and the optimum content of the alloy components have been identified. This is 
supplemented by an optimisation of composition, providing the basis for improved 
property-processing alloy selection. 
 
Thermal information of various Al-Si-Cu-Mg-Fe alloys were obtained during solidification, 
using computer controlled data acquisition device and the LabView-Signal Express® 
software, and the corresponding SDAS were also measured on optical microscope images 
followed by intermetallic particle size distributions that were measured using image 
analysis software, Image-Pro® software, on the BSE SEM images in order to compare the 
size refining effect of Si and Cu content on the Fe-rich and Cu-rich intermetallic phase 
particles for different SDAS, i.e. different cooling rate. EBSD and EDS mapping and point 
analysis were used to identify the Fe-containing intermetallic phases. Sample prepared 
using FIB was also used to further confirm elements, by EDS in TEM, on the script-like Fe-
containing intermetallic phase. 
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Si and/or Cu content showed a considerable decrease in the size of SDAS for a constant 
average solidification rate which should only be calculated between the liquidus and 
solidus temperatures; not between the liquidus and eutectic temperatures, especially when 
having many solute elements, for the range of experimental Al-Si-Cu-Mg-(Fe) alloys 
studied here. The relationship between cooling rate and the SDAS for the alloys was 
determined in the form of  𝜆2 =  a 𝑅
−𝑛 where a and n are composition-dependent fitting 
parameters, that also depend on the cooling rate calculation method. The combined 
presence of high levels of Cu, Si and Fe which produces intermetallics throughout the 
entire solidification period, but particularly in the latter stages, hinders the SDAS 
coarsening, refining the SDAS for given cooling rate. 
 
Fe intermetallics exist as two different phases depending on the SDAS and Si 
concentration: (1) script-like α-Al8Fe2Si; (2) plate-like β-Al5FeSi. A preferential formation of 
α-phase particles is observed at high cooling rates, leading to an overall decrease in the 
size of the intermetallics. Modification with Sr increases the size of pre-eutectically (Al-Si) 
formed β-Al5FeSi intermetallic plates whereas it reduces the co-eutectic and post eutectic 
β-Al5FeSi plates (observed as curved-shape), especially at low cooling rates. i.e. there are 
two different distributions of Fe-bearing intermetallics that form in Sr-modified Al-Si-Fe 
alloys. 
 
High levels of Si and/or Cu decreased the amount and size of the β-Al5FeSi platelets  in 
Al-Si-Cu-Mg-Fe casting alloys, especially at small SDAS if the Fe level is below the Si 
dependent critical level for the formation of the pre-eutectic platelets (for the Fe-bearing 
phases precipitation in the post eutectic stage). At small SDAS, in the low Si (4.5%) alloys, 
Cu leads to decreased  size of the intermetallics whereas in the Cu-free, high-Si alloy, the 
plates are replaced by a mixture of the irregular alpha-Al8Fe2Si and β-Al5FeSi platelets, i.e. 
in the Cu containing alloys, plates are formed even at small SDAS. 
 
High levels of Si decrease the size of the Fe-bearing intermetallics in Al-Si-Fe alloys at 0.2 
and 0.5 Fe level. This effect is accompanied by the formation of script-like phases, 
possibly α-Al8Fe2Si or branched β-Al5FeSi plates, isolated or clustered together. The 
script-like Fe-intermetallics are formed, in high Si alloys, at low and high solidification rates 
for the 0.2 and 0.5 Fe alloys. In the low Si alloys, this only occurs at high solidification 
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rates. The number density of script-like particles is higher in the high Si and low Fe alloys, 
suggesting that the eutectic Si provides additional nucleation sites. A high level of Cu 
refines the intermetallic particles in the low Si alloys, but it may have the opposite effect 
when the Si level is high. The optimal composition for a strong and ductile casting using 
secondary Al-Si-Cu alloys appears to be 9Si and 1 Cu, for the alloys Fe<0.5, and for the 
alloy with Fe >0.5 a high Si (>9 mass %) with a maximum SDAS of 30 μm. The SDAS 
should not exceed 30 μm for Cu >1%, for both low and high Si, in order to obtain a well 
refined population of intermetallic particles.  
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Introduction 
 
Al-Si-Cu-Mg alloys are used to make light- weight automotive components, such as engine 
blocks and cylinder heads. When primary Al metal is used to make these alloys, due to its 
low level of Fe about 0.2 w.t.% it gives good mechanical properties, especially ductility. 
The high Fe containing, more than 0.5 w.t.%, secondary Al metal is more environmentally 
friendly than the primary metal and it is cheaper. However, when the secondary Al metal is 
used to make these components it gives poorer ductility due to its high Fe level. High Fe 
level in Al-Si alloys cause the formation of, brittle, Fe-bearing -Al5FeSi, intermetallic 
phase particles. A size refining effect on these intermetallics has been reported in high Si 
containing alloys [1-3]: increased Si both refines and disperses the β-phase platelets. The 
net result is a remarkable increase in ductility of the high silicon (~9 wt. %) and high Fe 
(0.5wt. %) alloys in comparison with the lower Si varieties [2, 4]. The explanations given in 
the literature for this remarkable effect appear to contradict some later [1]experimental 
results. 
 
The present work aims to understand the mechanism by which increasing Si increases the 
ductility of high Si and high Fe alloy above its low Si variety. From the initial literature 
review and systematic thermodynamic computation, using ThermoCalcTM, on these alloys, 
three hypothesises were developed; 
 
 (1) Cu holds the Fe in the liquid (during solidification) until the Al2Cu eutectic occurs and 
Cu refines the Fe and Cu rich intermetallics in the high Si containing Sr modified Al-Si-Cu-
Mg (Fe/Mn) alloys.  
 
(2) Increasing Si refines the intermetallics only in the presence of Cu in Al-Si-Cu-Mg alloys 
for a constant SDAS. It does not require any other element such as Mn and Sr to show this 
effect.  
 
(3) Increasing Si does not always increase/decrease the size of the -Al5FeSi plates in 
ternary Al-Si-Fe alloys for a constant SDAS. It depends on the concentrations of Si and 
Fe. If the Fe level is above Fecrit, the Si dependent critical level for the formation of pre-
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eutectic (before the Al-Si eutectic) -Al5FeSi plates, then increasing Si will increase the 
size of the -Al5FeSi plates. If the Fe level becomes less (when increasing Si) than the 
Fecrit then it will form co-eutectic or post-eutectic -Al5FeSi plates, in this case increasing 
Si content will result in a decrease in the size of -Al5FeSi plates.  
 
This thesis consists of nine chapters; Chapter 1 is the literature review; Chapter 2 is the 
computational analysis and the hypotheses development. In Chapter 3, the importance of 
comparing the microstructure with constant SDAS, different types of cooling rate 
calculation method and the choice of the best method and the effect of solute content and 
the amount of intermetallics on the SDAS are demonstrated. In Chapters 4 through 6, the 
effect of Fe, Cu, and Si concentrations on the size and morphology of the different types of 
Fe-/Cu- bearing intermetallics are presented. Chapter 4 focuses on the ternary Al-Si-0.8Fe 
alloy and compares the different level of Si, Chapter 5 studies the effect of various level of 
Cu with Si and then Chapter 6 quantitatively summarises the effect the alloy compositions 
on the various intermetallic particle. Chapter 7 provides the general discussion. Chapter 8 
provides summery and conclusions of the present research on the ductility and 
solidification issues in Al-Si-Cu-Mg alloys. Chapter 9 suggests the future work.  
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Chapter 1: Literature review 
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1.1 Introduction 
 
The final mechanical properties of Al-Si-Cu-Mg alloys are governed by the microstructure 
features such as the distribution, morphology and dimensions of primary α-Al phase and 
the eutectic silicon particles, types of Fe-bearing intermetallics (and other intermetallics), 
and defects [5]. An optimum ultimate tensile strength (UTS) value and the elongation to 
fracture is obtained for the very low SDAS, and small and more compact eutectic silicon 
particles[6]. The larger particles are more prone to cracking, in coarser microstructures the 
particle cracking occurs even at low strains. In fine microstructure the particle cracking is 
more gradual with the applied strain [7]. 
 When primary aluminium metal is used to make alloys, the low level of impurities, 
especially the low level of Fe, gives better mechanical properties of cast aluminium alloys. 
If secondary aluminium metal is used, the high level of impurities becomes detrimental to 
the ductility of the alloy family. 
For hypoeutectic aluminium-silicon casting alloys, reducing the secondary dendrite arm 
spacing, and size of the silicon and intermetallic particles, improve the ductility [3]. Silicon 
particle size is reduced by adding proper amount of modifying elements such as Sr or Na 
[8]. Previous experimental study [3] showed that the increase in silicon content increases 
the ductility of high iron containing alloys of this family, but silicon itself is not enough to 
show this effect. The most detrimental element Fe forms the plate like β-Al5FeSi 
intermetallics in these alloys [9]. A size refining effect on these intermetallics is observed in 
high Si and Fe containing alloys [1, 10]. Increasing Si tends not only refine the size of 
intermetallics particles but also distribute them far apart from each other due to the large 
amount of Al-Si eutectic  [10]. This effect results improved ductility of these alloys at high 
silicon (~9 wt. %) and high Fe (0.5wt. %) level. It was  suggested that there may be a 
synergistic interaction between silicon and other elements such as strontium or 
manganese which is necessary to cause the refinement of intermetallic at high silicon level 
[1]. It was further suggested that the role of Si is complex and it appears to require the 
additional presence of copper in order to delay the precipitation of iron, and hence produce 
the refining and dispersion of the intermetallics with accompanying increase in the ductility 
[1].  
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1.2 Microstructure of Al-Si-Cu-Mg (Fe/Mn) alloys 
The microstructures of the Al-Si-Cu-Mg (Fe/Mn) alloys are made up of primary aluminium 
solid solution (dendrites), Al-Si eutectic and other intermetallics [3]. The later arise from 
the excess amount of Cu, Mg, Fe, and Mn that cannot be contained in the aluminium solid 
solution. e.g. Fe is highly soluble in liquid Al and has a very low, 0.005 w.t.% at 450 °C 
[11], solubility in solid Al. The amount of each phases are governed by the alloy 
compositions and solidification conditions.  The secondary dendrite arm spacing (SDAS) is 
determined by the solidification time and the alloy compositions [12, 13]. The dendritic 
structure becomes more refined and complex with increasing solidification rate[14].  
Increase in alloying content in the alloy 319 reduces the dendrite cell size and hence 
improves the interdendritic feedability of the alloys [15]. The SDAS and ternary dendrite 
arm spacing decreases as the concentration of Si increases in Al-(4-12 wt. %) Si alloy. 
Whereas primary dendrite arm spacing increases as the concentration increases [13]. A 
high solidification time gives a coarser microstructure, formed by large SDAS and coarser 
eutectic silicon particle with plate-like morphology as shown in Figure 1-1(b) When the Fe 
level is high (0.5 wt. %) and there is no Mn in the alloy, the dominant Fe-bearing 
intermetallics are -Al
5
FeSi needles, this phase is largely unaffected by heat treatment and 
hance very harmful for the material’s ductility. If Mn is added this  phase is replaced by 
Chinese script-like α-Al
15
(Fe,Mn)
3
Si
2
. The detail of intermetallic precipitations in various 
alloys are discussed in section 1.2.1 and the major intermetallics found in heat treated 
alloys are tabulated in Table 5.1. ThermoCalcTM calculations predict the sequences of 
intermetallics are discussed in section 0. Hereafter the key numbers mentioned in Table 5-
1 will be used as the alloy numbers. These are the numbers used in literatures [3, 16] to 
identify a large set of multi component alloys. The same numbers will be used to discuss 
the similar compositions of the alloys, for convenience. 
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Table 1-1: Intermetallics phases found in various, heat treated, Al-Si-Cu-Mg alloys. (Sr 
Modification level is 200ppm) [16].  
 
Key Nominal composition  Intermetallics 
1 4.5Si-1Cu-0.1Mg-0.2Fe-0.0Mn -Al5FeSi 
2 
14 
4.5Si-1Cu-0.1Mg-0.5Fe-0.25Mn 
9Si-1Cu-0.1Mg-0.5Fe-0.25Mn 
-Al5FeSi 
α-Al15(Fe,Mn)3Si2 
5 
17 
4.5Si-4Cu-0.1Mg-0.2Fe-0.0Mn 
9Si-4Cu-0.1Mg-0.2Fe-0.0Mn 
-Al5FeSi 
-Al2Cu 
6 
18 
4.5Si-4Cu-0.1Mg-0.5Fe-0.25Mn 
9Si-4Cu-0.1Mg-0.5Fe-0.25Mn 
-Al5FeSi 
α-Al15(Fe,Mn)3Si2 
-Al2Cu 
3 
4.5Si-1Cu-0.5Mg-0.2Fe-0.25Mn β-Al5FeSi, π-Al8Mg3FeSi6 
5 
 
4.5Si-4Cu-0.1Mg-0.2Fe-0.00Mn 
β-Al5FeSi, Θ-Al2Cu 
8 
4.5Si-4Cu-0.5Mg-0.5Fe-0.25Mn β-Al5FeSi, Θ-Al2Cu, (Q) Al5Cu2Mg8Si6                   
α-Al15(Fe,Mn)3Si2 
20 9.0Si-4Cu-0.5Mg-0.5Fe-0.25Mn Θ-Al2Cu, β-Al5FeSi                 
α-Al15(Fe,Mn)3Si2, (Q) Al5Cu2Mg8Si6 
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Figure 1-1: Eutectic silicon particles with (a) fibrous and (b) lamellar shape in the high and 
low cooling rates respectively in Al-Si-Cu-Mg (Fe/Mn) alloy casting [6]. 
1.2.1 Intermetallics and other brittle phase 
 
Al-Si-Cu-Mg (Fe/Mn) alloys contains many intermetallics such as Fe-bearing intermetallics: 
-Al5FeSi (needle), α-Al15(Fe,Mn)3Si2 (Chinese script), π-Al8Mg3FeSi6, etc., Cu-bearing 
intermetallics: Al2Cu, Q-Al5Cu2Mg8Si6, etc. and Mg2Si [6, 16-18].  The morphology of 
various common Fe-bearing intermetallics formed in an Al-5Si-1Cu-0.5Mg-(Fe) alloy is 
shown in Figure 1-4. Cu-bearing phase morphology of a 319 alloy is shown in Figure 1-5.  
Mg addition results in the precipitation of Q, π and rounded black particles of Mg2Si in the 
Fe containing 319 alloys. The Q and π phases take the script-like morphology rather than 
the irregularly-shaped particles in this 319 alloy ( see Figure 1-2) [18].  
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Figure 1-2: Phases found in Al-7.47 Si-3.38 Cu- 0.64 Mg (Fe/Mn) alloy [18]. 
 
Various elements are used for modification of these detrimental intermetallics and eutectic 
Si. The chemical modification of eutectic silicon is done by some of the electro positive 
elements such as strontium, sodium, calcium[17] or antimony. The widely used element is 
strontium. It shows good modification rate, a low fading effect, and a long incubation time 
[19, 20]. It is important  that Mn is added to the alloys containing high Fe, and Sr for the 
alloys containing high Si [21]. The addition of strontium transforms the eutectic silicon 
morphology from a coarse plate-like structure to a well-refined fibrous structure [19, 22]. 
Effect of modification by Sr and Sb on the silicon morphology is compared in Figure 1-3. 
The addition of Mn (Mn/Fe= 0.5) lowers the risk of forming pre-eutectic -Al5FeSi [17]. The 
addition of Sr leads to fragmentation of co-eutectic beta platelets. This effect is reduced as 
Fe concentration increases, and further Sr addition precipitate Al2Si2Sr phase particles, 
instead [17, 23, 24]. Coarsening of the silicon particles is observed at strontium level 
greater than 200 ppm in the 319 alloy containing 5.9 wt. % Si  [24]. For 319 alloys 
containing less than 1% of Fe and 6.5 wt % Si, the addition of Mn at Mn/Fe=0.7 and Sr 
addition of 200-300 ppm are best. The optimum Sr concentration depends on the cooling 
rate and Si concentration. The length of -Al5FeSi plates strongly depends on the SDAS 
for any Fe level [25]. The grain size is affected by the content of grain refiner, usually Ti, 
solidification time and the interaction between Ti and Cu. The eutectic Si size is also 
controlled by the solidification time whereas the morphology is controlled by the heat 
treatment process [26]. 
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Figure 1-3: Comparison of the silicon morphology in (a) unmodified (b) Sr modified (300 
PPM) and c) Sb modified (2400 ppm), hypoeutectic aluminium silicon alloys [19].  
 
The combined addition of Sr and Mn is found to reduce the size and volume fraction of the 
-Al5FeSi plates and enhance the formation of -Al15(Fe,Mn)3Si2 particles. A complete 
substitution of -Al15(Fe,Mn)3Si2 for -Al5FeSi can be observed in the alloy with less than 
0.5 wt. %  Fe content (cited by [27] ). In most cases, a complete substitution are not 
achieved even at 0.5 Fe level with Mn : Fe ratio of 0.5 [10]. In Al–Si base alloys, the size of 
the β-Al5FeSi intermetallic phase is directly dependent on the Fe content and cooling rate 
[28]. Experimental results also show that the Fe-bearing intermetallics may solidify as pre-
dendritic (primary), pre-eutectic, co-eutectic or post eutectic intermetallics at the different 
stages of solidification, depending on the Fe, Mn and Si concentration as well as cooling 
rate[29]. An increase in cooling rate can lead to suppression of intermetallic -Al5FeSi 
formation [30]. The cooling rate at which the -Al5FeSi phase is suppressed depends on 
the solute concentration. According to thermodynamic simulation, the temperatures for the 
onset of -Al5FeSi phase (T) and Al-Si eutectic (Teut(Al-Si)) precipitation are determined by 
the chemical compositions of the alloy. The difference between these temperatures (T -
Teut(Al-Si)) is decreased by the increasing cooling rate. Hence, a high cooling rate may give 
(T -Teut(Al-Si)) =0, depending on the alloy composition. That is, the -Al5FeSi phase could 
be precipitated during the Al-Si eutectic solidification. Under this condition the -Al5FeSi 
phase could be precipitated as fine plates or disappear, depending on the alloy 
composition. The alloy composition and cooling rates determine the level of replacement 
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of -Al15(Fe,Mn)3Si2 particles instead of -Al5FeSi plates when Mn is added. According to 
Backerud et al. [17], the stable Fe–bearing intermetallic phase at a cooling rate between 
0.6 and 5 oC/s is -Al5FeSi, and below 0.6 
oC/s  and above 5 oC/s the  phase is 
dominating in A380 alloys. Anantha Narayanan et al. [31] reported that -Al15(Fe,Mn)3Si2 
crystallise at low and intermediate cooling rate ( 0.1 oC/s to 10 oC/s) whereas at high 
cooling rate ( > 20 oC/s) both -Al15(Fe,Mn)3Si2  and -Al5FeSi crystallise in the presence 
of Mn. Belmares et al. [32] observed that -Al5FeSi disappeared in the Al-7Si-3.5Cu-Mg-
(Fe/Mn) alloy when both high (>3.5 oC/s) and low (<0.1 oC/s) cooling rates were used. 
Between these two cooling rates both -Al15(Fe,Mn)3Si2 and -Al5FeSi were observed.  
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Figure 1-4: Photomicrographs of various common iron- bearing intermetallics showing 
their typical morphologies in Al-5%Si-1%Cu-0.5%Mg-(Fe) alloys: (a) β-Al5FeSi platelets; 
(b) script-like α-Al8Fe2Si; (c) π-phase growing from β; (d) script-like π-phase[9]. 
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Figure 1-5: The distribution and morphology of Cu-bearing phases found in a 319 alloy, 
sampled at different locations of a casting: (1) Al2Cu and (2) Al5Mg8Cu2Si6. (a)-(c) 
Unmodified and (d)-(e) Sr (0.011%) -modified [24]. 
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1.3 Factors affecting the ductility of Al-Si-Cu-Mg alloys 
 
The presence of brittle intermetallics such as Fe-bearing (-Al
5
FeSi,-Al
15
(Fe,Mn)
3
Si
2
 and 
-Al
8
Mg
3
FeSi
6
) and Cu-bearing (Q-Al
5
Cu
2
Mg
8
Si
6
, blocky Al2Cu) which do not dissolve/very 
hard to dissolve during solution heat treatment are detrimental for ductility of these 
alloys[1, 3, 10, 33]. The other brittle phase in these alloys is the eutectic Si. This can be 
chemically modified. Even though, in the very slow cooling condition, the size of the Si 
needle increases and therefore this is detrimental to the material’s ductility. Elongation to 
failure is reduced by the increase in Fe and Mn content, due to the large volume fraction of 
Fe-rich intermetallic compounds in samples with small SDAS. In samples with high SDAS, 
casting defects  and large unmodified Si (due to slow cooling) mainly reduce the 
elongation to failure [34]. When secondary dendrite arm spacing (SDAS) is small, size of 
porosity and intermetallics are all fine. Hence this gives good ductility and strength. Recent 
experimental results showed that the increasing Si content, in high level of Fe containing 
alloys, also increases the ductility of Sr-modified Al-Si-Cu-Mg (Fe/Mn) alloys [3].  
 
 
The effect of alloy compositions on tensile properties of Al-Si-Cu-Mg (Fe/Mn) alloys is 
shown in the quality index chart, Figure 1-6. When the Fe level of the low Si and high Cu 
alloy was increased, the ductility dropped to zero and it failed before yielding.  When the Si 
level was increased, it improved the ductility of the alloy. This shows that increasing Si 
improves the ductility of high Fe containing Sr-modified Al-Si-Cu-Mg (Fe/Mn) alloys [3]. A 
similar effect on ductility is also observed in low Cu alloys (alloys 1, 2 and 14). In this case, 
increasing Si (from 4.5% to 9.0%) dramatically improves the ductility of high Fe (0.5%) 
containing alloy for a constant SDAS. The effect of alloy composition on SDAS was not 
considered in this study. It was assumed that the entire alloy gives constant SDAS at a 
constant cooling rate. On the other hand, experimental results show that the alloy 
composition also has a considerable effect on SDAS [35]. However, the similar improved 
ductility was observed at high level of Si and Fe for a constant SDAS.   It is not clear that 
the increasing Si itself is enough for showing the improved ductility. Increasing Fe always 
decreases the strength and ductility due to the formation of interconnected Fe-bearing 
intermetallics in low Si alloys [3, 10]. Increasing Cu and or Mg improve the strength (by 
precipitation hardening) and reduce the ductility. Cracking of second phase particle in 
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these high strength alloys imposes a limit to the maximum achievable strength by limiting 
the ductility [3].  
 
The microstructure of Sr-modified Al-Si-Cu-Mg (Fe/Mn) alloys is a composite of ductile 
primary α-Al dendrites, brittle intermetallics and brittle eutectic Si particles. Crack initiation 
occurs by cracking these brittle intermetallics or large Si particles. When the Si particles 
are fine (due to modification either by chemical or cooling) the crack initiation occurs by 
cracking the intermetallics especially the long β-Al
5
FeSi or large Chinese script-likeα-
Al
15
(Fe,Mn)
3
Si
2 particles in the high Fe containing alloys. Depending on the alloy 
composition, the other intermetallics π-Al
8
Mg
3
FeSi
6
 and Al2Cu also crack before modified 
eutectic Si cracking occurs. When high Cu and Mg are added to the alloys the clusters of 
Cu and Mg bearing intermetallics are in large amount thus the alloy fail with less ductility. 
Cracking of Si and Fe-rich, Cu-rich and Mg-rich intermetallic particles control the ductility 
of these alloys [1, 3, 10]. 
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Figure 1-6: The quality index chart for Al-Si-Cu-Mg (Fe/Mn) alloys of different composition. 
Alloy 1 is Al-4.5Si-1Cu-0.1Mg (0.2Fe/0.0Mn). The other numbers represents the alloys of 
chemical composition mentioned in the Table 5.1. The effects of increased amount of 
particular element are marked [3]. 
1.3.1 Effect of alloy composition on material’s ductility 
 
The explanation given by the literature [3] for the improved ductility of high Si and high Fe 
containing alloy was based on solidification. The Figure 1-7 (a) shows a simplified phase 
diagram (liquidus projection) of Mn free Al-Si-Fe alloys and the Figure 1-7(b) shows the 
same for Mn containing alloys. The segregation lines of different starting compositions are 
shown in the figure, paths 1, 2, 3, and 4. Alloy 1(Al-4.5Si-1Cu-0.1Mg-0.2Fe-0.0Mn) 
solidifies according to the path 2 in the phase diagram (a), if the alloy is considered as a 
ternary Al-4.5Si-0.2Fe alloy. The solidification starts with the primary α-Al dendrites 
followed by eutectic Al-Si--Al
5
FeSi, since the Fe level is less than the Si dependent 
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critical level (Fecrit) for the formation of pre-eutectic -Al5FeSi plates in this alloy. If the Fe 
level is greater than the critical Fecrit level, the solidification will follow the path 1 in the 
same diagram. In this case pre-eutectic -Al
5
FeSi also formed before the eutectic Al-Si - -
Al
5
FeSi solidification occurs. Hence, larger -Al
5
FeSi plates occurs due to the long 
solidification path. In the path 2, due to the ternary eutectic solidification (without no pre-
eutectic -Al
5
FeSi plates) the -Al
5
FeSi plates are shorter/ very fine. Alloy 14 (Al-9.0Si-
1Cu-0.1Mg-0.5Fe-0.25Mn) solidify according to the path 4 of the diagram (b), if the alloy is 
considered as a quaternary Al-9Si-0.5Fe-Mn alloy. This solidification starts with the 
primary Al dendrites. As the solidification reaches the b’ line in the path, it starts to 
solidify the pre-eutectic -Al
15
(Fe,Mn)
3
Si
2
 since the alloy contains Mn. When the 
solidification reaches the c’ line both-Al
15
(Fe,Mn)
3
Si
2
 and -Al
5
FeSi are precipitated 
together as a pre-eutectic reaction followed by eutectic Al-Si--Al
5
FeSi. The solidification 
path for the alloy 2 is similar to that of alloy 14 but it is longer, path 3. The longer 
solidification path gives much more time for the Fe-bearing intermetallics to grow bigger in 
the alloy 2 consequently poor ductility whereas in alloy 14 smaller intermetallics, due to the 
shorter solidification path, improves the ductility[3]. The alloy 14 has a large amount of Al-
Si eutectic, compared to the alloy 2; hence the intermetallics are uniformly distributed and 
isolated. In the alloy 2, the intermetallics are interconnected, poor ductility [10]. This will be 
further explained in the section 1.3.2.  
 
The volume fraction of -Al
15
(Fe,Mn)
3
Si
2
 and -Al
5
FeSi depends on cooling rate [31]. For 
the Mn containing alloys, at low cooling rates, almost all of the iron is utilised in 
crystallisation of -Al
15
(Fe,Mn)
3
Si
2
 phase before reaching the c’ line in Figure 1-7(b). At 
high cooling rates, however, not all the Fe is consumed during the b’ line due to short time 
interval. The remaining Fe is available to form in a mixture of the -Al
15
(Fe,Mn)
3
Si
2
 and -
Al
5
FeSi phases, through the C’ line and ternary eutectic reaction. Alloys 2 and 14 have 
much different chemical compositions. According to ThermoCalcTM, alloy 2 precipitates the 
-Al
15
(Fe,Mn)
3
Si
2
phase 17oC above that alloy 14 precipitates the same.  Hence, it is 
expected to have different cooling rate to produce constant SDAS sample in alloy 2 and in 
alloy 14, consequently high volume fraction of -Al
15
(Fe,Mn)
3
Si
2
 than -Al
5
FeSi in the alloy 
14.  
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(a)                                                                                           (b) 
 
Figure 1-7: A simplified phase diagram (liquidus projection) of Al-Si-Fe with (a) 0.0% Mn 
and (b) 0.3 wt. % Mn. The dashed line arrows are the segregation lines for the alloys with 
the corresponding starting compositions cited in [3, 10] after [17]. 
 
Also according to the ThermoCalcTM calculations (For the multi-component alloys), the 
alloy 2 starts to form β-Al5FeSi phase before the Al-Si eutectic. Alloys 1 and 14 starts to 
form the β-Al5FeSi phase after the Al-Si eutectic (see section 0). It should be noted that 
the path 1 and 2 indicate the Mn free ternary alloy, and path 3 and 4 indicate the Mn 
containing Al-Si-Fe alloy. The alloys 1, 2 and 14 are multi-component alloys with similar Al, 
Fe and Si composition of the indicated paths.  
  
Increasing Si does not always refine the Fe bearing intermetallics. The  a, b, and c show 
that the increasing Si (from 4.5 to 11 %) actually increases the size of the -Al
5
FeSi plates 
in the ternary Al-Si-Fe alloys [1]. This result contradicts the earlier explanation given (with 
the help of phase diagram) for the refining mechanisms of Fe bearing intermetallics by the 
increasing Si. The BSE image taken on the multi-component alloy 2 (Figure 1-9) and 
alloy14 (Figure 1-10) as part of this study confirms that increasing Si refine the 
intermetallics. Hence, it is necessary that some other elements are important for the 
refining mechanism to occur in the high Si alloys. It is speculated that the Cu content is the 
key factor in the refining influence of Si. In the presence of Cu it may be that Fe is less 
able to form -Al
5
FeSi plates in association with the Al-Si eutectic reaction, and instead 
continues to partition strongly into the remaining Cu-rich pool of liquid until the point at 
Path3 
Path4 
Path2 
Path1 
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which the Al-Si-Al2Cu eutectic forms at ~ 524
oC. If this is the case, then the Fe rich 
intermetallics may be precipitated out under the conditions controlled by the dispersion 
and scale of these final Al-Si-Al2Cu pools [1]. The pools of Cu-rich liquid are broken into 
smaller pools, refining the Cu rich intermetallic particles. The -Al5FeSi plates form at 
temperatures above the Al-Si eutectic, while the -Al2Cu particle forms below the Al-Si 
eutectic temperature. Si refines the Fe and the Cu independently of each other [1]. The 
EDX (see ) analyses on the alloy 14 show that Cu is evident on the script-like phases of Fe 
(within the electron-material interaction volume but this has to be further confirmed by 
EPMA in the future work for accuracy).   At low Si level, Cu and Fe rich liquid forms large 
pools that spread along the long and narrow channels. At high Si, the Cu and Fe rich liquid 
pools were broken into many isolated pools. In the presence of Cu and Mn, Fe is less able 
to form the -phase with the Al-Si eutectic, and continues to partition into the remaining 
Cu-rich liquid. Hence, high Si content leads to the formation of smaller and more dispersed 
clusters of Cu-rich and Fe-rich intermetallics. 
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(a)       (b) 
  
   
 
 
 
 
 
(c) 
 
Figure 1-8: Back scattered electron images of Al-Si – 0.86 Fe ternary alloys with (a) 4.5 Si 
(b) 8.2 Si and (c) 11.0 Si, where the white needles in the images are the -Al5FeSi plates. 
The size of the plates increases with increasing Si content [1].  
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Figure 1-9: Back Scattered Electron image obtained on Alloy 2 showing the intermetallics 
containing heavy elements. The white needles are -Al5FeSi plates. 
 
It is very important to note that the Mn/Fe ratio in the literature [3] was different for the 
alloy 2 (0.46), alloy 14 (0.96), alloy 6(0.23) and alloy 18 (0.56). Hence, a well modified 
eutectic structure with complete replacement of α-Al
15
(Fe,Mn)
3
Si
2
 intermetallics instead of 
-Al
5
FeSi plates are vital important to understand the level of ductility recovery and to 
understand the actual reason for this enhancement of the properties in the high level of Si. 
 
Wang et al. [36] performed an in situ synchrotron radiography of Fe-rich intermetallic 
formation during the solidification of an Al–7.5Si–3.5Cu–0.8Fe (wt.%) alloy and observed 
that the growth of β-Al5FeSi was in three stages: In the first stage (lateral growth) Fe-rich, 
β-Al5FeSi, intermetallics nucleate and form faceted, plate-like shapes, growing rapidly until 
constrained by the surrounding primary dendrites. A second stage of attachment and 
diffusion controlled growth follows where the plates thicken by ledge-wise growth as solute 
diffuses from the solidifying primary and Al–Si eutectic phases. In the final stage of growth, 
first pores and then α-Al/ Al2Cu eutectics form, rejecting Fe, promoting a final stepwise 
thickening of the intermetallic plates, slightly reducing their aspect ratio. 
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 Figure 1-10: The top image is the Back Scattered Electron image obtained on Alloy14 
showing the intermetallics containing heavy elements. Mostly fine α- Al15(Fe,Mn,Cu)3Si2 
and a very few big  α-Al15(Fe,Mn,Cu)3Si2 scripts(bottom left). The EDX peaks confirming 
the elements in the big script like phase. 
 
A ternary Al-Si-Fe phase diagram is shown in Figure 1-11 and the alloy compositions 
studied by [3] (F and G, the green arrow indicates the increasing Si) and [1]  (C,D and E, 
the blue arrow indicates the increasing Si) are schematically marked. Increasing Si 
increases the size of -Al
5
FeSi plates of the alloys having 0.8% Fe (C, D and E) [1]. The 
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points C, D and E are all above the red line marked on the phase diagram, Fecrit line. That 
is, the Fe levels are greater than the Fecrit. When the alloy composition is above this value 
the alloy will form -Al
5
FeSi plates before the Al-Si - -Al
5
FeSi eutectic reaction happens. 
Increasing Si provides larger liquid portion (after the Al dendrite) to grow pre-eutectic -
Al
5
FeSi plates independently, increased size of the -Al
5
FeSi plates. Increasing Si 
decreases the size of -Al
5
FeSi plates in the multi-component alloy having 0.5 % Fe (the 
compositions of the alloys are marked as F and G) [3]. In this case the alloy composition F 
is above the Fecrit line and the alloy composition G is below this line. Hence, the alloy 
composition F should form pre-eutectic -Al
5
FeSi plates and the composition G should 
form post-eutectic -Al
5
FeSi plates, consequently decreases the size of the -Al
5
FeSi 
plates as the Si concentration increases. It should be noted that the multi component 
alloys (both compositions F and G) should form large pre-eutectic α-Al
15
(Fe,Mn)
3
Si
2
 
particles in the presence of Mn. In the presence of Cu, the formation of pre-eutectic α-
Al
15
(Fe,Mn,Cu)
3
Si
2
 particle may be difficult, formation of few large α-Al
15
(Fe,Cu,Mn)
3
Si
2
 
particles as shown in .  
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Figure 1-11: Ternary Al-Si-Fe phase diagram showing primary Al solidification paths for all 
alloys with Fecrit iron levels and for 5% Si (x-x’), 7% Si (y-y’) and 9% Si (z-z’) alloys with 
0.8% Fe. The points of intersection with line AB is where the formation of large phase 
platelets can start to occur before formation of eutectic at B [9]. The compositions of the 
alloys studied by [3] (F and G, the green arrow indicates the increasing Si. Please note 
that the alloys studied by [3] contains Mn, even without Mn the high Si alloy falls under the 
FeCrit line and the low Si alloy is above the line. ) and [1]  (C,D and E, the blue arrow 
indicates the increasing Si) are schematically marked.  
1.3.2 Fracture process in the Al-Si-Cu-Mg (Fe/Mn) alloys 
 
In defect free materials fracture is initiated by cleavage of either brittle intermetallics or 
eutectic Si particles. Then the crack propagates mainly along the grain boundaries (inter-
granular mode) for small SDAS or along the cell boundaries (trans-granular mode) for 
large SDAS. However in the presence of defect, the mechanical performance decreases 
monotonically with an increase in the area fraction of defects in the fracture surface of 
samples. Coarser as well as high defect containing microstructure is obtained by slow 
cooling rate. Increasing value of SDAS, decreased cooling rate, increases the defect 
volume fraction and also the size of the intermetallics and Si particles [6, 7, 37, 38]. 
 
C D 
F G 
E 
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The Figure 1-12 shows the microstructure of the alloy 2 (high Fe and low Si alloy) where it 
has long and interconnected -Al
5
FeSi plates. These long and interconnected -Al
5
FeSi 
plates provide a natural path for the crack propagation once the cracks are initiated by 
cracking the brittle -Al
5
FeSi intermetallic plates. Hence, the alloy 2 fails with poor ductility 
or poor plastic deformation. But, in the case of alloy 14(high Fe and high Si alloy), as 
shown in Figure 1-13, the micro cracks initiated by cracking α-Al
15
(Fe,Mn)
3
Si
2
 scripts and 
-Al
5
FeSi plates, they stay far apart, therefore, a large amount of plastic deformation is 
required if the cracks need to grow further. Hence, ductility is improved in alloy 14 than 
alloy 2 [10].  
 
 
Figure 1-12: Microstructure of solution heat treated (left) alloy 2 (right) the crack initiation 
and growth along the interconnected -Al
5
FeSi plates [10]. 
  
 Figure 1-13: Microstructure of solution heat treated (left) alloy 14 (right) isolated cracks 
initiated by cracking the -Al5FeSi plates and π-Al15(Fe,Mn)3Si2  script-like particles [10].  
 
 
 
 
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The microstructure of high Cu alloy 6 and 18 shown in Figure 1-14(left and right, 
respectively) show that the Fe bearing and Cu bearing clusters of intermetallics are mostly 
interconnected in the low Si alloy whereas in the high Si alloy they are far apart (as in the 
case of Alloy 2 and 14). As a consequence, ductility is improved in the high Si containing 
alloy 18 than the low Si alloy 6. The Figure 1-15 shows that the closely intertwined - and 
-phase particles and their participation in the propagation of micro-cracks in the alloy 6. In 
the case of alloy 18 these particles are fine and isolated as shown in Figure 1-14 (right). 
 
 Figure 1-14: Microstructures of (left) Alloy 6 and (right) Alloy 18. In the Alloy 6, long and 
inter connected -Al5FeSi plates and Al2Cu. In the Alloy 18,  isolated α-Al15(Fe,Mn)3Si2  
script like particles and Al2Cu particles [10]. 
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Figure 1-15: Microstructure of alloy 6. (Left) showing long and closely entwined clusters of 
-platelets and -Al2Cu particles. (Right) the participation of - and -phase particles in the 
propagation of micro-cracks is evident in or near the fracture surface [10]. 
 
large amount of interconnected intermetallics (-Al
5
FeSi and -Al
15
(Fe,Mn)
3
Si
2
 
intermetallics are formed around the grain boundaries due to the high fraction solid of 
aluminium solid solution and small amount of Al-Si eutectic) provides a natural path for the 
crack propagation in the low Si and high Fe alloys since the fracture is initiated by 
cleavage of brittle intermetallics [10]. When the Cu concentration is high this situation 
becomes even worse (due to additional large amount of Al2Cu intermetallic) and causes to 
fail before yeilding. The metallographic evidence [10] show that the intermetallics are 
uniformly distributed, isolated and refined when the Si level is increased for the high Fe 
containing alloys whether they are low Cu or high Cu alloys. Hence, the microcracks 
formed by cracking the intermetallics are isolated and require more plastic diformation, 
improving the ductility. 
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1.4 Summary 
 
Increasing Si increases the ductility of high Fe containing Al-Si-Cu-Mg (Fe/Mn) alloys. 
Addition of Mn replaces most of the -Al5FeSi plates by less harmful Chinese script -
Al15(Fe,Mn)3Si2 particles. When the intermetallics (especially Fe-bearing and Cu-bearing) 
are dispersed and far apart (due to the larger Al-Si eutectic), the growth and propagation 
of micro cracks nucleated by cracking the intermetallics is more difficult and involves more 
local plasticity, improving the tensile ductility. Increasing Si isolates and refines the 
intermetallic particles, due to the shorter solidification path, and thereby enhances the 
ductility of Sr-modified Al-Si-Cu-Mg(Fe/Mn) alloys. It is not clear that Si itself is enough to 
show this effect. On the contrary to the previous explanation (based on the solidification 
path) given for the enhancement of the ductility at high Si and Fe, increasing Si increases 
the size of -Al5FeSi plates in the ternary Al-Si-0.8Fe alloy. Alloy composition and cooling 
rate determine the SDAS in these alloys. Constant SDAS samples were not tested (it was 
assumed that the entre alloys give constant SDAS at constant cooling rate) in the previous 
research work to compare the effect of alloy composition on material’s ductility. 
 
The explanations given in the literatures for the mechanism responsible for the 
enhancement of ductility with the increasing Si content in the high Fe alloy are not clear, 
and the later experimental results based on the ternary Al-Si-Fe alloys, are contradicting 
this explanation. 
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2.1 Scheil calculations/Predictions 
The phase precipitation sequence predicted by ThermoCalcTM calculations (solidification 
simulation using the Scheil-Gulliver model) for the alloy 1, 2, and 14 are shown in Figures 
2-1 through 2-3, and Tables 2-1 through 2-3. The major Fe-bearing intermetallics that 
could be precipitated during solidification are the β-Al5FeSi phase and 
Al32(Cu,Fe,Mn)8(Al,Si)4Si2,and the major Cu-bearing intermetallic is Al2Cu.  Al5Cu2Mg8Si6 
precipitates in fewer amounts than Al2Cu, depending on the Cu level of the alloy. The 
ThermoCalcTM prediction of the phase Al32(Cu,Fe,Mn)8(Al,Si)4Si2 is similar to the α-
Al15(Fe,Mn)3Si2 phase as reported by Smith et al.[1]. The EDX analyses (see Figure 1-10) 
on the alloy 14 shows that the Cu is also present in the script-like α-phase similar to the 
prediction of ThermoCalcTM. The other phase, ω-Al7Cu2Fe, predicted by ThermoCalc
TM, in 
the presence of Cu is unusual but could be expected in fine scale and in very small 
amounts, even though, if this is occurring in the presence of Cu this could reduce the 
amount of other detrimental Fe bearing β-Al5FeSi phase. Al2Si2Sr phase may be formed in 
very fine scale like ω-Al7Cu2Fe, compared to the other intermetallics.  
 
The ThermoCalcTM calculations predicts that the formation of Fe-bearing intermetallic β-
Al
5
FeSi platelets and -Al
15
(Fe,Mn)
3
Si
2
 particles are pre-eutectic in the alloy 2. In the alloy 
14, the -Al
15
(Fe,Mn)
3
Si
2
 particles are pre-eutectic and  the β-Al
5
FeSi platelets are post-
eutectic (here the pre-eutectic refers the reaction that starts to happen before the Al-Si 
eutectic reaction and the ‘post-eutectic’ is the reaction later the Al-Si eutectic). In the alloy 
1, the β-Al
5
FeSi platelets are precipitated after the Al-Si eutectic reaction. Hence, the size 
of these particles should be proportional to the length of the solidification path, similar to 
the Figure 1-7  Alloy 1 and 14 should have small particles/ plates, compared to the alloy 2. 
In real castings, due to the different cooling rates and the impurity levels, some reactions 
may be postponed or missed hence a different reaction can occur in the later stage of 
casting. Thermal information acquired during solidification of these alloys is compared with 
the ThermoCalcTM prediction, in the Appendix B.  
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Table 2-1: The phase precipitation sequences, calculated by ThermoCalcTM, for the alloy 
14. 
Number 
Temperature 
(oC) Phases 
1 604.65 Al2Si2Sr, Liquid 
2 597.75 Primary a-Al, Al2Si2Sr, Liquid 
3 597.25  Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, Al2Si2Sr, Liquid 
4 572.75 Silicon, Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, Al2Si2Sr, Liquid 
5 570.55 β-Al5FeSi, Silicon, Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, Al2Si2Sr, Liquid 
6 519.25 Al7Cu2Fe, β-Al5FeSi, Al2Si2Sr, Primary a-Al, Silicon, Liquid 
7 519.25 Al7Cu2Fe, Al2Si2Sr, Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, Silicon, Liquid 
8 519.25  Al7Cu2Fe, Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, Silicon, Liquid 
9 519.25 Al7Cu2Fe, Al2Si2Sr, Primary a-Al, Silicon, Liquid 
10 511.15 Al2Cu, Al7Cu2Fe, Al2Si2Sr, Primary a-Al, Silicon, Liquid 
11 510.15 Al2Cu, Al5Cu2Mg8Si6, Al7Cu2Fe, Al2Si2Sr, Primary a-Al, Silicon, Liquid 
12 510.15 Al2Cu, Al5Cu2Mg8Si6, Al7Cu2Fe, Al2Si2Sr, Primary a-Al, Silicon 
 
 
Figure 2-1: The phase precipitation sequences, calculated by ThermoCalcTM, for the alloy 
14. (See Table 2-1, the numbers 1-12 represents the corresponding phases in the table.)  
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Table 2-2: The phase precipitation sequences, calculated by ThermoCalcTM, for the alloy 
1. 
1 629.05 Primary a-Al, Liquid 
2 609.35 Al2Si2Sr, Primary a-Al, Liquid 
3 570.25 Silicon, Primary a-Al, Al2Si2Sr, Liquid 
4 568.95 β-Al5FeSi, Silicon, Primary a-Al, Al2Si2Sr, Liquid 
5 520.15 Al7Cu2Fe, β-Al5FeSi, Silicon, Primary a-Al, Al2Si2Sr, Liquid 
6 520.15 Al7Cu2Fe, Silicon, Primary a-Al, Al2Si2Sr, Liquid 
7 512.25 Al2Cu, Al7Cu2Fe, Silicon, Al2Si2Sr, Primary a-Al, Liquid 
8 510.15 Al5Cu2Mg8Si6, Al2Cu, Al7Cu2Fe, Silicon, Al2Si2Sr, Primary a-Al, Liquid 
9 510.15 Al2Cu, Al5Cu2Mg8Si6, Al7Cu2Fe, Al2Si2Sr, Primary a-Al, Silicon 
 
 
Figure 2-2: The phase precipitation sequences, calculated by ThermoCalcTM, for the alloy 
1. (See Table 2-2, the numbers 1-9 represents the corresponding phases in the table). 
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Table 2-3: The phase precipitation sequences, calculated by ThermoCalcTM, for the alloy 
2. 
1 627.95 Primary a-Al, Liquid 
2 615.25 Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, Liquid 
3 608.95 Al2Si2Sr, Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, Liquid 
4 579.35 β-Al5FeSi, Al2Si2Sr, Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, Liquid 
5 569.65 Silicon, β-Al5FeSi, Al2Si2Sr, Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, Liquid 
6 520.15 
Al7Cu2Fe, Silicon, β-Al5FeSi, Al2Si2Sr, Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, 
Liquid 
7 520.15 Al7Cu2Fe, Silicon, Al2Si2Sr, Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, Liquid 
8 520.15 Al7Cu2Fe, Silicon, Al32(Cu,Fe,Mn)8(Al,Si)4Si2, Primary a-Al, Liquid 
9 520.15 Al7Cu2Fe, Silicon, Al2Si2Sr, Primary a-Al, Liquid 
10 512.25 Al2Cu, Silicon, Al7Cu2Fe, Al2Si2Sr, Primary a-Al, Liquid 
11 510.15 Al5Cu2Mg8Si6, Al2Cu, Silicon, Al2Si2Sr, Al7Cu2Fe, Primary a-Al, Liquid 
12 510.15 Al5Cu2Mg8Si6, Al2Cu, Silicon,Al2Si2Sr, Al7Cu2Fe, Primary a-Al 
 
 
Figure 2-3: The phase precipitation sequences, calculated by ThermoCalcTM, for the alloy 
2. (See Table 2-3, the numbers 1-12 represents the corresponding phases in the table).  
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Figure 2-4: ThermoCalcTM calculations of α-Al15(Fe,Mn,Cu)3Si2, -Al5FeSi and eutectic Al-
Si temperatures for various Cu (0, 1, 4%) and Si content of Al-Si-Cu-Fe-Mn alloys. The 
Mn: Fe = 0.5 in all cases. Increasing Cu further delays the b precipitation in the high Si 
alloys. Tb, Ta and Teut(Al-Si)  are the onset of -Al5FeSi, α-Al15(Fe,Mn,Cu)3Si2 and Al-Si 
eutectic  precipitation temperatures for the particular alloy composition. 
 
According to ThermoCalcTM calculations, increasing Si reduces the value of Tβ (the 
temperature for the onset of -phase precipitation) and Tα (the temperature for the onset of 
α precipitation) of Al-Si-Cu-Fe-Mn (Mn: Fe = 0.5) alloys as shown in the Figures 2-1 – 2-3. 
The onsets of Al-Si eutectic temperatures are almost constant for all Fe and Si levels (in 
the absence of Cu). This leads to (Tβ-Teut(Al-Si)) < 0 beyond a certain Si level, depending on 
the Fe level. That means the -Al
5
FeSi precipitation is delayed until / even after the Al-Si 
eutectic. In the presence of Cu, (Tb-Teut(Al-Si)) << 0 as the Si level and Cu level are 
increased. When the onset of -Al
5
FeSi plate formation temperature is less than the Al-Si 
eutectic temperature, the -Al
5
FeSi plates should be very fine and far apart. If this can 
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happen in the later stage of solidification, depending on the Fe concentration, most of the 
Fe should precipitate as -Al
15
(Fe,Mn,Cu)
3
Si
2 
in the early stage of solidification.  
 
Figure 2-5: ThermoCalcTM calculations of -Al5FeSi and eutectic Al-Si temperatures (onset 
of precipitation) for various Cu (0, 1, and 4%) and Si content of Al-Si-Cu-Fe-Mn alloys. The 
Mn: Fe = 0.5 in all cases. The Al-Si eutectic temperatures are almost constant for no Cu 
alloys with any Si level. Increasing Si increases the temperature for the onset of Al-Si 
eutectic precipitation in the Cu containing alloys. 
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Figure 2-6: ThermoCalcTM, calculations of α-Al15(Fe,Mn,Cu)3Si2, -Al5FeSi and eutectic Al-
Si temperatures (onset of precipitation) for various Cu (0, 1, 4%) and Si content of Al-Si-
Cu-Fe-Mn alloys. The Mn: Fe = 0.5 in all cases.  
 
The Figure 2-7 shows (ThermoCalcTM calculations) that the increasing Si reduces the 
amount of -Al
5
FeSi phase and increases the amount of α-Al
15
(Fe,Mn,Cu)
3
Si
2
 phase in Al-
Si-Cu-0.1Mg-0.5Fe-0.25Mn-0.02Sr alloys. The addition of Cu further reduces the amount 
of -Al
5
FeSi phase and increases the α-Al
15
(Fe,Mn,Cu)
3
Si
2
 phase. Increasing Si together 
with Cu refines the -Al
5
FeSi plates by reducing (Tβ-Teut(Al-Si)) << 0 as well as reduces the 
amount of the -Al
5
FeSi plates. The α-Al
15
(Fe,Mn,Cu)
3
Si
2
 phase precipitation occurs 
almost until the end of solidification and more than 40% of the precipitations occurs during 
or after the Al-Si eutectic. Hence, it is possible to expect a size distribution on α-
Al
15
(Fe,Mn,Cu)
3
Si
2
 phase. The effect of increasing Si together with Cu, in the high Fe 
alloy, on both Fe rich intermetallics is beneficial to the material’s ductility.  
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Figure 2-7: The ThermoCalcTM calculations of mass fraction of (broken lines) -Al5FeSi 
and (solid lines) α-Al15(Fe,Mn,Cu)3Si2 for various level of Cu (0, 1 and 4%)  and Si alloys. 
Fe levels are 0.5 % in all cases; the Mn levels are 0.25% in all cases except 0 % Mn alloy, 
0.1Mg, and 0.02Sr. This graph was obtained with limited number of points. A larger 
number of calculations will be done in the future work. 
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2.2 Hypotheses developed from the analysis 
 
1. Cu holds the Fe in the liquid (during solidification) until Al2Cu eutectic 
occurs and Cu refines the Fe and Cu rich intermetallics in the high Si containing Sr 
modified Al-Si-Cu-Mg (Fe/Mn) alloys. 
2. Increasing Si refines the intermetallics only in the presence of Cu in 
Al-Si-Cu-Mg alloys for a constant SDAS. It does not require any other element such 
as Mn and Sr to show this effect. 
3. Increasing Si does not always increase/decrease the size of the -
Al5FeSi plates in ternary Al-Si-Fe alloys for a constant SDAS. It depends on the 
concentrations of Si and Fe. If the Fe level is above, Fecrit, the Si dependent critical 
level for the formation of pre-eutectic (before the Al-Si eutectic) -Al5FeSi plates 
then increasing Si will increase the size of the -Al5FeSi plates. If the Fe level 
becomes less (when increasing Si) than the Fecrit then it will form co-eutectic or 
post-eutectic -Al5FeSi plates, in this case increasing Si will results in decrease in 
the size of -Al5FeSi plates. 
 
2.3 Reference 
[1] R. Smith, C.H. Caceres, and D. StJohn: Materials Research, Brisbane, Australia, The 
Institute of Metals and Materials Australasia 1996, vol. 96, pp. 140-143, 
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Chapter 3: Effect of Si Content on the Size of Fe-Rich 
Intermetallic Particles in Al-xSi-0.8Fe Alloys 
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Abstract 
Six Al-Si-Cu-Mg-(Fe/Mn) alloys with two levels of each of Cu, Si and Fe/Mn were cast in 
the form of quasi-directionally solidified plates. The secondary dendrite arm spacing 
(SDAS) was measured as a function of the distance from the chill end for each 
composition and related to the local cooling rate as determined by thermocouples 
embedded in one of the cast plates. For a given cooling rate, Si has a strong, consistently 
refining effect on the SDAS per unit of solute content.  Cu showed its strongest refining 
effect at low-Si and high-Fe content. It is argued that the scale of the SDAS is determined 
by a combination of five main factors, namely: constitutional undercooling, the fraction of 
Al-Si eutectic and the amount, morphology and distribution of the various intermetallic 
phases. The first two factors affect the early stages of the dendrite structure and SDAS 
formation, whereas the ones involving intermetallics affect the dendrite coarsening 
mechanisms in the post-eutectic stage. The latter ones are more sensitive to cooling rate 
than the ones involving solute in solution. The scale of both, SDAS and intermetallics, can 
be predetermined to a measurable extent through the solute content in order to best suit 
particular casting conditions. 
 
Key words: Al-Si-Cu-Mg alloy, SDAS, directional solidification, intermetallics, 
microstructure 
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3.1 Introduction  
The microstructure of commercial hypoeutectic Al-Si-Cu-Mg alloys consists of primary -Al 
solid solution, Al-Si eutectic, and various intermetallic phases such as -Al5FeSi, Al2Cu, 
Mg2Si, Al5Cu2Mg8Si6 and -Al15(Fe,Mn)3Si2, the latter when Mn is added to limit the 
amount of -phase. The sequences of reaction are well documented [1] and these, along 
with the amounts of each phase formed, can be predicted with acceptable reliability using 
current thermodynamic software packages such as ThermoCalcTM. 
Silicon is the main constituent in these alloys and as its content is raised the amount of the 
Al-Si eutectic phase increases whereas the relative amount of primary -Al dendrites 
decreases. The latter also exhibit a changing morphology (from globular, to rosette, 
dendritic and fully orthogonal dendritic) as the Si content increases through the range of 1-
10 mass % [2]. 
Dendritic structures are normally characterised by the secondary dendrite arm spacing 
(SDAS), 𝜆2, which, in multi-component aluminium alloys [3] and for a given solidification 
rate [4], is thought to be controlled through constitutional undercooling effects [5]. 𝜆2, is 
related to the solidification time, 𝑡𝑓 , according to: 
                                                   𝜆2  = 𝐾 (𝑡𝑓
𝑛)                                [1] 
where K and n are alloy dependent constants, and 𝑡𝑓 is the   time interval between the 
liquidus and the solidus, which, for a given heat extraction rate, depends upon the alloy’s 
composition [3,6]. The values of n are usually between 0.33 and 0.5, whereas the K-value 
for an AA357 alloy is about 20.8 [7]. An Al-7Si-0.5Mg alloy with / without treatment showed 
an n value of 0.3 with different K values [8-10]. 
For a given alloy composition, the temperature difference between the liquidus and the 
solidus, 𝑇𝑙𝑖𝑞−𝑠𝑜𝑙, is  constant; Eq. [ 1 ] then becomes:  
                                           𝜆2  = 𝑎 (𝑅
−𝑛)                                 [2] 
where  𝑎 = 𝐾𝑇𝑙𝑖𝑞−𝑠𝑜𝑙
𝑛   and R is the average cooling rate over 𝑡𝑓.  
In the specific case of the industrially important Al-Si-Cu-Mg-(Fe/Mn) alloys (the alloy 
family includes, amongst others, alloy A319), an increase in solute content has been 
reported to generally improve the interdendritic feedability, reduce the porosity level and 
decrease the SDAS [3,11-14]. The SDAS is also an important parameter when ductility is 
considered: generally, the smaller the dendrite arms, the finer the intermetallics, (as well 
as the eutectic Si particles in the non-modified varieties) and the higher the ductility [15]. 
Insufficient ductility in the stronger versions of the alloy can be a limiting factor in critical 
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applications. However, detailed studies of the effect of Si, Cu and Fe/Mn content on either 
the SDAS or the size of the intermetallics at different freezing rates are lacking. 
 
The intermetallics phases forming in the interdendritic space and at various stages of the 
solidification are also expected to hinder the growth, coalescence and coarsening 
mechanisms, and therefore are expected to have a measurable effect on SDAS on top of 
those of the solutes in solution. It has been suggested that elements that strongly partition, 
forming intermetallics, towards the end of solidification are more effective at restricting the 
coarsening of the SDAS than those that partition less strongly [3,5,16]. Likewise, elements 
causing high constitutional undercooling at the beginning of the solidification also reduce 
the SDAS. The latter effect appear to be less effective than the former ones, possibly 
because the effect of cooling rate is stronger than that of the solutes at comparatively high 
cooling rate and at the beginning than near the end of solidification. Hence, Cu, which 
forms CuAl2 almost at the end of solidification, can be expected to place a stronger 
restriction on the SDAS coarsening for a given cooling rate [17,18] than Si which does not 
tend to form intermetallic phases at the end of solidification.†   Increasing the Mg level has 
also been reported to have a strong restricting effect on SDAS in Al-Mg-Si alloys [19]. 
Thus, for a multicomponent secondary alloy, such as those of the AA319 family, the net 
effect of the different solute concentrations on the SDAS, even within the nominal range of 
allowable compositions, is hard to predict. 
 
This work was undertaken to assess the effect of solute content and the formation of 
intermetallics from the melt at various stages of the solidification (i.e., pre- and post- Al-Si 
eutectic) on the SDAS of Al-Si-Cu-Mg-Fe alloys. The solute levels considered were 
broadly based on prior work [15,20-22] in which alloys with combinations of solutes, Cu, 
Si, Mg and Fe/Mn, each at two levels, were compared; these results also showed that the 
ductility of Cu-containing alloys with high level of Fe was larger when the Si content was 
also high. Hence, as part of a larger effort to understand the increased tolerance of high-Si 
alloys to high levels of Fe, it was considered necessary to first isolate and quantifies the 
individual effects of these solutes on the SDAS. ThermoCalcTM calculations showed that 
for these alloys the sequences of intermetallic precipitation before/after the Al-Si eutectic 
                                            
†
 For Al-(4~12%)Si alloys, increasing the Si content decreases both the SDAS and the ternary dendrite arm spacing, but 
it increases the primary spacing [12]. 
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stage, and thus their potential effects on the SDAS, vary considerably with the solute type 
and concentration. The alloy compositions for this study were thus designed with these 
parameters in mind. Data for alloy A356 (Al-7Si-0.3Mg) from the literature are also 
included for comparison. 
3.2 Materials and Experimental Methods 
 
Six nominal alloy compositions, listed in Table 3-1, were studied. Each of the solutes had 
two levels, one high and one low, indicated by the superscripted/subscripted elements in 
the alloy designation used in this work as per Table 3-1, e.g.: AlSiCuMg
Fe means (mass %): 
9% Si, 0.5% Fe (with 0.25% Mn), 1% Cu and 0.1% Mg. 
 
The alloys were prepared by melting Al ingot (99.8% purity: main impurities 0.03% Si, 
0.12%Fe) in a clay bonded graphite crucible in a 20 kW induction furnace along with 
commercial purity Si, Cu and Mg, with Fe and Mn added as AlTab Fe 75% and AlTab Mn 
80% compacts, respectively. The melts was degassed for about 20 minutes with Ar at a 
rate of 2 l/min (3.33x10-5 m3/s).  The alloys were then Sr-modified by adding 10% Sr 
containing master alloy, and poured into the mould after 2 minutes of holding. Samples for 
chemical analysis were taken just before pouring. The actual chemical compositions, 
measured by optical emission spectroscopy, are given in Table 3-1. 
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Table 3-1: Targeted chemical compositions (left paired column) and actual chemical 
compositions (right, bold column) of the alloys studied. All compositions are in mass % 
unless noted. The nomenclature AlSiCuMg
Fe indicates that Al is the base component and the 
superscripted/subscripted elements indicate the high/low level respectively. Data for alloy 
AA356 (Al-7Si-0.3Mg) from reference [23] are included for comparison. 
Alloy 
Chemical Composition 
Si Cu Mg Fe Mn 
Sr 
(ppm) 
AlSiCuMgFe 4.5 4.50 1.0 1.00 0.1 0.08 0.2 0.21 0.00 0.00 200 160 
AlSiCuMg
Fe 4.5 4.50 1.0 1.00 0.1 0.07 0.5 0.50 0.25 0.29 200 30 
AlSiCuMg
Fe 9.0 8.60 1.0 1.00 0.1 0.08 0.5 0.55 0.25 0.26 200 20 
AlSi
Cu
MgFe 4.5 4.56 4.0 4.04 0.1 0.10 0.2 0.18 0.00 0.00 200 20 
AlSiCuMg
Fe 4.5 4.57 4.0 4.00 0.1 0.11 0.5 0.44 0.25 0.24 200 130 
AlSiCuMg
Fe 9.0 8.80 4.0 3.87 0.1 0.10 0.5 0.25 0.25 0.24 200 150 
 
Al-7Si-0.3Mg 7.0 6.68 -- -- 0.3 0.28 -- 0.14 -- -- 200 170 
 
 
Figure 3-1: Drawing of a full casting, shown with the riser ends at the bottom. Pouring was 
done in the orientation shown, but solidification occurred in the inverted position. 
The melts were poured at 1003.14 K (730˚C) into a sand mould assembly designed to 
produce three plates at a time, each 160 mm x 120 mm x 15 mm in size, and containing a 
heavy steel chill at the far end, as depicted in Fig. 3-1. The chills had dimensions of 32 mm 
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x 40 mm x 140 mm and their surface was smooth. The mould assembly was inverted right 
after pouring to allow the plates to solidify in a quasi-directional manner upwards away 
from the chill towards the risers. Thermal information during solidification was acquired 
using 16 thermocouples inserted through the mould wall into the casting cavity of one of 
the plates and connected to a high speed data acquisition device.  
 
The plates with embedded thermocouples were cut into 10 mm thick sections, X-rayed, 
and the distances between the tip of each thermocouple and the chill end were measured 
on the radiographs. Longitudinal sections were cut from one of the other two plates, at a 
location corresponding to that of the thermocouples in the instrumented one. These 
sections were metallographically polished and one micrograph was at every 1 mm 
intervals for the first 80 mm away from the chill, and at 5 mm intervals afterwards. For 
each micrograph, the average SDAS was determined by the linear intercept method for at 
least five sets of dendrite arms containing each no fewer than 5 arms. A minimum of 96 
data points were determined for each alloy. Examples are given in Fig. 3-2 for two extreme 
cases. 
 
For each alloy, the average cooling rate between the liquidus and the solidus temperature, 
(called CR1 and used throughout the paper unless otherwise noted), and between the 
liquidus and the Al-Si eutectic temperature (called CR2) were calculated at each location. 
The analysis of the cooling curves showed that the last peak of the first time derivative was 
close to 773.14 K (500˚C) for all of the alloys [24-26]. Consistently, the ThermoCalcTM 
analysis also predicted the start of the final reaction at ~ 783.14 K (510˚C), see Table 3-2.  
Hence the solidus point was fixed at 773.14 K (500˚C) for all cooling curves in this work.  
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Figure 3-2: SDAS as a function of the distance from the chill end for the lowest (thin line) 
and highest (thick line) solute content alloys. The dashed lines indicate the respective 
standard deviation (+/- 95%) confidence intervals.  
 
The CR1 and CR2 values and the corresponding SDAS values read from the lines of best 
fit at the relevant distance from the chill  (Fig. 3-2), were subsequently plotted for each 
alloy and the data were then least-square best fitted to a power law of the form of Eq. [2]. It 
is noted that several different ways of calculating the cooling rate during the solidification 
are commonly reported in the literature. By way of examples, references [25-28] used a 
method similar to the above CR1 method; reference [23] used the CR2 method; reference 
[3] used the slope of the cooling curve just before the liquidus. For the sake of the 
analysis, the SDAS data were also plotted as a function of the solidification time (i.e., as 
per Eq. [1]), defined as the time interval between the liquidus and the solidus temperature, 
with the latter also taken as 773.14 K (500˚C) as explained above. 
3.3 Results 
3.3.1 ThermoCalcTM calculations 
The Scheil-Gulliver equation was used to predict the relevant reaction temperatures during 
the solidification of the alloys studied, using the ThermoCalcTM software. The predicted 
sequence of solidification, and of formation of intermetallic and other relevant phases, 
namely, aluminium solid solution (dendrites), -Al5FeSi, -Al15(Fe,Mn)3Si2, Al-Si eutectic 
and Al2Cu are shown in Table 3-2 together with their reaction temperatures.  
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Table3-2: ThermoCalcTM predictions of the start of reaction temperatures for the alloys of 
this study plus values for the Al-7Si-0.3Mg alloy [23]. All temperatures given in K (˚C). 
Predictions were made based on the measured compositions (Table 3-1). Calculated 
temperature differences between key reactions are also shown. 
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AlSiCuMgFe 
 
903.14 
(630) 
902.34 
(629.2) 
--- 
 
842.54 
(569.4) 
843.64 
(570.5) 
788.44 
(515.3) 
783.34 
(510.2) 
59.5 
 
-1.0 
 
--- 
 
AlSiCuMg
Fe 
 
902.14 
(629) 
901.34 
(628.2) 
890.44 
(617.3) 
849.84 
(576.7) 
843.14 
(570) 
788.94 
(515.8) 
783.34 
(510.2) 
59.0 
 
6.7 
 
47.3 
 
AlSiCuMg
Fe 
 
875.14 
(602) 
873.74 
(600.6) 
874.34 
(601.2) 
844.74 
(571.6) 
845.84 
(572.7) 
787.14 
(514) 
783.34 
(510.2) 
29.3 
 
-1.0 
 
28.5 
 
AlSi
Cu
MgFe 
 
893.14 
(620) 
892.44 
(619.3) 
--- 
 
829.94 
(556.8) 
833.54 
(560.4) 
794.64 
(521.5) 
783.34 
(510.2) 
59.6 
 
-4.0 
 
--- 
 
AlSi
Cu
Mg
Fe 
 
892.14 
(619) 
891.44 
(618.3) 
881.44 
(608.3) 
836.74 
(563.6) 
832.84 
(559.7) 
794.44 
(521.3) 
783.34 
(510.2) 
59.3 
 
3.9 
 
48.6 
 
AlSiCuMg
Fe 
 
877.14 
(604) 
862.34 
(589.2) 
857.44 
(584.3) 
822.64 
(549.5) 
840.64 
(567.5) 
794.44 
(521.3) 
783.34 
(510.2) 
36.5 
 
-18.0 
 
16.8 
 
Al-7Si-0.3Mg 
 
889.14 
(616) 
888.54 
(615.4) 
--- 
 
--- 
 
847.24 
(574.1) 
--- 
 
830.44 
(510.2) 
41.9 
 
--- 
 
--- 
 
 
 
The calculated values anticipate two important solute effects upon the SDAS, namely:  
 
i. For the high-Fe containing alloys, there are significant reductions in the temperature 
differences between particular reactions and the Al-Si eutectic temperature, 𝑇𝑙𝑖𝑞−𝑒𝑢𝑡, 
𝑇𝛽−𝑒𝑢𝑡 and 𝑇𝛼−𝑒𝑢𝑡, as the Si concentration is increased. For instance, in the low-Si 
alloys, the value of 𝑇𝑙𝑖𝑞−𝑒𝑢𝑡 is almost 60 K whereas it is about 30 K when the Si level 
is increased to 9 mass % (c.f. 40 K for the Al 7Si-0.3Mg reference alloy). 
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ii. Unlike for the Al2Cu intermetallic which precipitates after the Al-Si eutectic reaction, 
the major Fe- bearing intermetallics may appear either well prior to the eutectic 
reaction (e.g. the α-phase always, and the β-phase sometimes), right after it (e.g. 
the β-phase in the high-Si, high-Fe alloy with low-Cu, AlSiCuMg
Fe), or well after it (e.g. 
as in AlSiCuMg
Fe alloy).  
3.3.2 Thermal analysis and microstructure  
 
The cooling rate (CR1) varied from approx. 0.1 K/s near the riser to 4-10 K/s near the chill 
end, the higher values being observed for the more dilute alloys. Figure 3-3(a) shows 
examples of thermocouple readings at the chill and the riser end, for the AlSiCuMg
Fe alloy, 
with the relevant start of reaction temperatures indicated. Figure 3-3(b) illustrates how CR1 
and CR2 were determined. 
Typical microstructures are shown in Fig. 3-4 for a common cooling rate of 1K/s. Alloys 
with the highest total solute content, AlSiCuMg
Fe and AlSiCuMg
Fe, (Figs. 3-4(f) and (c) 
respectively) displayed the most refined SDAS and the most uniform dendrite size for a 
given cooling rate. (The increased uniformity is also evident from the standard deviation of 
the SDAS values, lower for the concentrated alloys, see Fig. 3-2.)  
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Figure 3-3: (a) Examples of cooling curves near the chill end and the riser end, with the 
reaction temperatures obtained with ThermoCalcTM for alloy AlSiCuMg
Fe (as per the data in 
Table 3-2) indicated on the right hand axis; (b) Cooling curves near the riser end for the 
lowest (AlSiCuMgFe) and highest (Al
SiCu
Mg
Fe) solute content alloys. The straight lines illustrate 
the determination of the solidification time and cooling rates CR1 and CR2 (see text). 
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Figure 3-4: The dendritic microstructure of the alloys studied, for a cooling rate of 1K/s; (a) 
AlSi
Cu
MgFe, (b) AlSi
Cu
Mg
Fe, (c) AlSiCuMg
Fe, (d) AlSiCuMgFe, (e) AlSiCuMg
Fe and (f) AlSiCuMg
Fe.  See 
Table 3-1 for the chemical composition and key to the alloys.  
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Figure 3-5: The SDAS as a function of the cooling rate (a) CR1 and (b) CR2 (CR1 and 
CR2 defined in Fig. 3-3b), for all of the alloys studied. Alloy Al-7Si-0.3Mg [23] is included 
for comparison. The top x-axis in each graph is the solidification time for the AlSi
Cu
Mg
Fe 
alloy. 
 
Figure 3-5 show the SDAS as a function of CR1 and CR2, for the entire set of alloys, and 
including data‡ for the reference alloy Al-7Si-0.3Mg [23]. The data of Fig. 3-5 (a) were 
replotted as function of the solidification time (defined in Fig. 3-3 (a)) in Fig. 3-6. 
Parameters to the lines of best fit (as per Eq. [2] for Fig. 3-5 and Eq. [1] for Fig. 3-6) for all 
of the alloys are given in Table 3-3.  
 
Figures 3-5 and 3-6 show that increasing the level of Si and/or Cu solute results in 
considerable reduction in SDAS, regardless of the level of Fe. At the lowest cooling rates, 
increased Fe appears to have a strong refining effect in the low-Si, high-Cu alloys, leading 
to a departure in the alignment of the last data point (the largest SDAS). This is equally 
evident in both Fig. 3-5(a) and Fig. 3-6. 
  
                                            
‡
 The cooling rate reported in reference [23] was calculated between the liquidus and the Al-Si eutectic point 
i.e., it corresponds to the current CR2. 
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Table3-3: The parameters of best fit for Eqs. 1 and 2 determined from Figures 3-5 and 3-
6, for the alloys studied. Values from the literature for Al-Si-Mg and Al-Si-Fe alloys 
included for comparison. 
 
  
Alloy a n a n  K n 
Equation (2) CR1 (2) CR2 (1) 
AlSiCuMgFe 47.90 0.35 46.49 0.35 9.7 0.34 
AlSiCuMg
Fe 49.67 0.48 45.32 0.35 7.94 0.39 
AlSi
Cu
MgFe 42.24 0.37 39.42 0.33 7.47 0.37 
AlSi
Cu
Mg
Fe 39.12 0.35 36.68 0.31 7.63 0.35 
AlSiCuMg
Fe 26.43 0.59 30.78 0.35 3.29 0.47 
AlSiCuMg
Fe 28.13 0.40 27.57 0.36 4.98 0.40 
Al-7Si-0.3Mg 
[28] 
41.6 0.337 --- --- --- --- 
Al-7Si-0.3Mg 
[23] 
--- --- 39.4 0.35 --- --- 
Al-0.2Si-0.3Fe 
[3] 
--- --- --- --- 91.3 0.40 
Al-0.5Si-0.3Mg 
[3] 
--- --- --- --- 101.3 0.50 
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Figure 3-6: SDAS of the alloys of Table 3-1 as a function of solidification time. Cooling 
rate data on the top x-axis for the AlSi
Cu
Mg
Fe alloy only. 
 
 
The SDAS refining efficiency of Si and Cu in the presence of high-Fe is compared in Fig. 
3-7 (a) in atomic concentration and for two cooling rates. Figure 3-7 (b) shows the 
respective slopes in a bar chart, where the data are also expressed in mass %. Copper 
exhibits the strongest refining effect on the SDAS per unit solute (at. %) for slow cooling, 
whereas Si has the strongest effect at high cooling rates.  In mass %, Si has a stronger 
effect at all cooling rates. In Fig. 3-8, increasing Si has a stronger effect at low levels of 
Cu, than when the Cu level is high, regardless of the cooling rate.  
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Figure 3-7: (a) The SDAS of alloys with high-Fe as a function of the solute content (in 
at.%), at (dotted lines) 0.5 and (solid lines) 5K/s. (b) The rate of change of SDAS (the 
slope of the lines of Fig. 3-7(a)) per unit solute at low and high cooling rates.  
 
 
 
Figure 3-8: The effect of  Si content on the SDAS in high-Fe alloys for low and high-Cu 
contents at 0.5 and 5K/s, respectively.  (Alloys AlSiCuMg
Fe and AlSi
Cu
Mg
Fe; AlSiCuMg
Fe and 
AlSiCuMg
Fe.) 
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3.4 Discussion 
3.4.1 Cooling rate measuring methods 
 
The n-values for either CR1, the solidification time or CR2 (~0.35) are all closely consistent 
with those reported in the relevant literature for Al-Si alloys, as can be concluded from the 
data in Table 3-2. It is now necessary to establish which one of the cooling rates, namely 
CR1 and CR2, is more suitable for multicomponent alloys like the ones of the present 
study. Examination of Fig. 3-3 (b) shows that CR1 is smaller than CR2 for high solute 
content alloys, whereas the opposite is true for the low solute alloys.  This indicates that 
CR1 is more sensitive to reactions occurring below the Al-Si eutectic, i.e., closer to the 
solidification of the Cu-rich intermetallics. In different words, since CR1 takes the whole 
solidification sequence into account (liquidus-to-solidus), it varies more than CR2 at any 
given casting location as the solute content changes. This is reflected by the parameters of 
Eq. [2], listed in Table 3-3: the value of ‘a’ generally decreases with increasing solute, but 
the behaviour is independent of the measuring method. In contrast, the value of ‘n’ is 
highly alloy dependent for CR1 but nearly alloy insensitive for CR2.  
 
Most of the intermetallic phases are precipitated out once the Al-Si eutectic reaction is 
finished (at around 843.14 K (570˚C)). The attendant release of latent heat towards the 
end of solidification, especially in the high-Si alloys, further reduces the already slowing 
cooling rate of the casting arising from mould heat saturation and this may provide a 
greater window for dendrite coarsening to take place. The final scale of the SDAS is 
therefore firstly determined by the cooling rate and the solute segregation occurring early 
in the solidification, whereas the degree of dendrite coarsening is determined by the 
cooling rate near the end of the solidification stage and the interaction of dendrite arms 
with intermetallic particles. The suitability of the CR1 cooling rate calculation method in this 
regard appears self-evident, as it relates to the whole solidification period, even though it 
displays more variability in the rate exponent, n. It can be thus asserted that how the 
cooling rate is defined, hence measured, is crucial for a proper description of the 
solidification behaviour of the more concentrated alloys. 
The use of CR1 through this work therefore seems thoroughly justified since its wide 
temperature range covers both the primary solidification period during which the dendrites 
are first established, and the post-eutectic period during which ripening and coarsening of 
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SDAS generally occurs. On the down side, CR1 averages out the individual cooling rates 
involved in the different stages of the solidification process (see the curve for high solute 
alloy in Fig. 3-3 (b)). This is something that must be kept in the back of the mind when 
analysing the data for high-Si and/or Cu alloys. 
3.4.2 Effect of Si and Cu 
 
The data in Figs. 3-7 and 3-8 suggest that Si and Cu are equally powerful SDAS refiners. 
On a mass % basis, Si was generally more powerful than Cu at both, low and high cooling 
rates; at low cooling rates and on an atomic percentage basis, the reverse was true. 
However, the effects of Si and Cu were not additive:  the reduction in SDAS in the high-
Cu, high-Si alloys was either intermediate (in mass %) or lower (in at. %) than those 
achieved by Si or Cu alone. In Fig. 3-8 Si appears more effective at low cooling rates in 
low-Cu alloys than in high-Cu alloys. Understanding these complex behaviours requires a 
closer look into how the microstructural constituents evolve and in which way they 
influence the key SDAS refinement/coarsening mechanisms.  
During the period of pre-eutectic primary aluminium formation, the SDAS is set [29]. In 
binary Al-(5%-40%) Cu alloys, increasing Cu decreases the SDAS up to the eutectic 
composition and then increases it [18], regardless of the cooling rate. Likewise, in the 
present multi-component alloy high-Si and/or Cu content also decrease the SDAS, 
although the overall refining effects are not cooling rate independent, as shown by Figs. 3-
7 and 3-8. For as long as most of the solutes remain in the liquid, i.e., early in the 
solidification, the refining effect may be attributable to the solute segregation limiting the 
effective diffusion length when the dendrites are first formed, whereas in the post-eutectic 
stage the formation of intermetallics, Al2Cu in this case, are known to restrict the 
coarsening of the SDAS [3]. The latter effect is more pronounced at low cooling rates, 
possibly because of the larger final size of the intermetallics, accounting for the reverse 
cooling rate effect of solute concentration on the overall refining.  
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3.4.3 Effect of Cu and Fe 
 
At low cooling rates the refining effect of high-Cu content in low-Si, high-Fe alloys (Fig. 3-
8) is larger than for the high-Si alloys, although when the cooling rate is high the effect of 
Cu is much reduced. This behaviour can be accounted for through the interaction between 
the -Al5FeSi plates and the Al2Cu particles.  
 
In unmodified A319 alloys and in the absence of Fe, Al2Cu particles precipitate in both 
blocky and fine eutectic (Al-Al2Cu) form, on or around the eutectic Si particles, depending 
on composition [29]. When Sr is added to modify the eutectic Si, as in the present alloys, 
the Al2Cu forms mostly in blocky form and if sufficient Fe is present, it tends to grow in 
close association with -Al5FeSi plates [29].  
 
In the low-Si, low-Cu alloys of this study, pre-eutectic precipitation of -Al5FeSi plates has 
little restricting effect on the dendrite coarsening (see for instance Fig. 3-4 in ref. [15]).  In 
contrast, in the AlSi
Cu
Mg
Fe alloys the -Al5FeSi plates, and against what ThermoCalc
TM 
predictions (Table 3-2) indicate, appear to precipitate in the post-eutectic stage in close 
association with the Al2Cu phase [15], clustering in-between the secondary dendrite arms 
(see for instance Fig. 3-8 in ref.[15]) and therefore preventing their coarsening. The 
decreased effect of Cu at high cooling rates in the same alloys (Fig. 3-8) is likely to be the 
result of the attendant reduction in particle size. With regards to the AlSiCuMg
Fe alloy, 
according to Table 3-2, in high-Si alloys the -Al5FeSi plates should precipitate post-
eutectic, and the present results appear to confirm this. Thus, the -plates are likely to add 
to the refining effect of Si by preventing dendrite coarsening, although mostly at low 
cooling rates, as for the low-Si, high-Cu alloys.  This conclusion goes against some of the 
assertions made in ref. [21] with regards to the need of Cu for the refining of Fe by a high-
Si content to occur.  More detailed studies are needed on this issue.   
 
It is noted that the data in Figs. 3-5 and -6 for the AlSiCuMg
Fe and AlSiCuMg
Fe alloys both 
display a slightly convex shape when compared to the linear fitted lines. The convexity 
arises from the lowest and highest cooling rate datapoints being lower than expected (or 
alternatively from the mid data points being higher than expected). This may be related to 
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systematic errors arising from either (i) measurement of the SDAS, or (ii) mismatching of 
position and cooling rate between the two used plates (assumed to be thermally-identical 
but not guaranteed in every cast due to filling / operator variability). The situation is further 
complicated by a transition of the iron intermetallic types, illustrated by the micrographs of 
Fig. 3-9 for a low Si alloy from a parallel study [30], from purely -phase particles to a 
mixture of , as the cooling rate increases. This change in the nature, size and 
morphology of the intermetallic phases probably accounts for the noted systematic 
departures from linearity in the SDAS values of Figs. 3-5 and 3-6, especially at the largest 
SDAS; however a more detailed study on less complex alloys would be required before 
assigning an underlying microstructural rationale to the observed behaviour. 
 
  
 
Figure 3-9: Back Scattered Electron images of the AlSiCuMg
Fe alloy, taken from ref. [30] at: 
(a) 5 mm and (b) 155 mm from the chill. The arrows identify Fe-rich intermetallics (see 
text).  
 
 
This discussion will be closed with a consideration on the general validity of the data and 
conclusions of this work. Since the cooling rate is the product of the temperature gradient, 
G, times the solidification velocity, V, a variety of  microstructures, namely, columnar, 
mixed or equiaxed, can be obtained for a constant product, G x V [31], with the columnar 
morphologies becoming predominant at large G-values. Thus, it may be argued that the 
microstructures of Fig. 3-4 are unique to the present casting geometry and conditions, and 
therefore the conclusions cannot necessarily be extended to other practical casting 
situations. The bounds to the present conclusions can be established with reference to the 
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map of possible microstructures constructed by Tsumagari et al. [33] for alloys A356 and 
A357for a wide range of G and V values.  This map shows that for cooling rates below 0.5 
K/s (the lowest one in Figs. 3-5 and 3-6),  G values in excess of 10 K/cm are necessary for 
the dendritic microstructure to develop a mixed character, and over 40 K/cm for a fully 
columnar one. For typical sand moulds with chills, Radhakrishna and Sehan [32] showed 
that at best gradients of up to 15 K/cm can be expected, and only very near the chill.  This 
means that in typical sand moulds with chills the imposed gradient should have hardly any 
effects upon the morphology of the dendritic cells [33,34]. It follows that the present results 
can perhaps differ in the absolute value of the SDAS from those of other shaped cast 
products, but not on the dendrites morphology, provided the cooling rates fall within the 
ranges investigated here. 
 
By and large, the present results show that a reasonable degree of manipulation of the 
composition in these alloys is possible in order to control both the SDAS and the size and 
distribution of intermetallics, to suit particular casting conditions. The results also show that 
not all the predictions made by ThermoCalcTM for these complex systems can be taken for 
granted.  
3.5 Conclusions 
1) For given cooling rate, SDAS decreases with an increase in overall alloy content 
for the range of experimental Al-Si-Cu-Mg-(Fe) alloys studied here.  
2) The relationship between cooling rate and the SDAS for the alloys was determined 
in the form of  𝜆2 =  a 𝑅
−𝑛 where a and n are composition-dependent fitting 
parameters, that also depend on the cooling rate calculation method.  
3) Increasing the Si content from 4 to 9 mass % reduces the SDAS by more than 35 
% (for given cooling rate), regardless of other solute content levels. 
4) Increasing the Cu content from 1 to 4 mass % produces a reduction in SDAS which 
compares with the effect of increased Si; the effects are Si and Cu are not additive.   
5) The combined presence of high levels of Cu, Si and Fe which produces 
intermetallics throughout the entire solidification period, but particularly in the latter 
stages, hinders the SDAS coarsening, refining the SDAS for given cooling rate. 
6) The cooling rate of any given alloy should preferably be calculated between the 
liquidus and solidus points (CR1 in this work) to  better describe composition 
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effects on the SDAS, especially for high solute alloys which precipitate large 
amounts of post-eutectic intermetallics or eutectic Al-Si. 
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4.1 Abstract 
Al-Si-Fe plates with Si contents of 4.5, 9 and 11 mass %, unmodified and Sr-modified, 
were quasi-directionally solidified in sand moulds with chills at one end. The size and 
nature of the Fe-rich intermetallics were determined along the plates. Two forms of the 
intermetallic were observed, α-Al8Fe2Si and β-Al5FeSi, in proportions and scale dependent 
on the cooling rate and the Si concentration. The size of the β-phase increased with the 
concentration of Si at low cooling rates. At high cooling rates the tendency to form α-
Al8Fe2Si phase increased with increasing Si content reducing the size of the β-Plates. 
Modification generally increased the size of the pre-eutectically formed plates while 
reducing the post eutectically formed ones.  
4.2 Introduction  
For hypoeutectic aluminium-silicon casting alloys, the Si particle size is normally reduced 
through the use of modifiers such as Sr or Na [1,2]. The most detrimental impurity, Fe, in 
Al-Cu-Si-Mg alloys forms large platelets of β-Al5FeSi intermetallics [3]. A size refining 
effect on these intermetallics has been reported in high Si containing alloys [4,5]: 
increased Si both refines and disperses the β-phase platelets. The net result is a 
remarkable increase in ductility of the high silicon (~9 wt. %) and high Fe (0.5wt. %) alloys 
in comparison with the lower Si varieties [5,6].  
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The refinement of the Fe-rich intermetallics in the high Si alloys was first ascribed to the 
shorter solidification path of the Fe-Mn [1,5] phase. However, a further study [4] on Al-Si-
0.8Fe alloys showed that increased Si actually increased the size of the β-phase 
intermetallics. Hence, it was suggested that other elements such as Sr, Mn, or most likely 
Cu, whose eutectic solidifies well below the Al-Si eutectic, were required for the refinement 
of Fe particles in the high Si variants of the Al-Si-Cu-Mg alloys. The present study aims at 
elucidating the interaction between Si and Fe, for a range of industrially important cooling 
rates, in both unmodified and Sr-modified Al-Si-Fe alloys, as a necessary preliminary step 
to a more detailed study accounting for the effects of Cu, Mg and Mn as well. A 
commercial software package, ThermoCalcTM, was used in conjunction with the 
experiments to predict the solidification sequence and the formation of intermetallics. 
4.3 Materials and Experimental Methods 
Four alloy compositions, listed in Table 4-1, were studied. All alloys had 0.8 mass% Fe, 
differing only in the level of Si: 4.5, 9.0 and 11.0 mass%, each with/without modification 
with Sr. The unmodified alloy compositions were purposely the same as in the Ref.[4], 
whereas the casting procedure was identical to that of Ref. [7].  Briefly, the alloys were 
prepared by melting Al ingot in a clay bonded graphite crucible in a 20 kW induction 
furnace along with commercial purity Si, with Fe added as AlTabTM Fe 80% compacts. The 
melt was degassed using a lance for about 20 minutes with Ar, and modified with a 10% 
Sr master alloy when required and poured after 2 minutes of holding.  
 
The melts were poured at 730˚C into a sand mould assembly containing a heavy steel chill 
at the far end. The mould assembly was inverted right after pouring to allow the plates to 
solidify upwards in a quasi-directional manner away from the chill.  
 
The SDAS data were obtained from a previous study except for the 11 Si alloys, for which 
the SDAS were measured as described in [7]. The size of the intermetallic particles was 
measured on the backscattered electron images using an image analyser.    
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4.4 Results 
 The largest intermetallic particle size4 in each alloy was plotted in Figure 4-1 (a,b) as a 
function of the distance from the chill and the SDAS, respectively.  At high cooling rates, (> 
1oC/min, SDAS ~25m), increasing Si reduced the size of the largest particle, as also 
evident in the micrographs of Figure 4-2(a-d). At lower cooling rates (<1oC/min 5, SDAS 
~45m) increased Si had an inverse effect, i.e., it led to larger particles, as also evident in 
Figure 4-3. 
 
Table4-1: Targeted chemical compositions (left paired column) and actual chemical 
compositions as measured by spark analysis (right paired column in italics) of the alloys 
studied. ThermoCalcTM predictions for the onset of precipitation are listed on the last three 
columns. 
 
Alloy 
Si      
[wt.%] 
Fe      
[wt.%] 
β-Al5FeSi 
(Tβ) [ºC] 
Eutectic Al-Si 
(Teut) [ºC] 
(Tβ-Teut)    
[ºC] 
Al-4.5Si-0.8Fe 4.5 4.3 0.8 0.77 608.3 575.1 33.2 
Al-9Si-0.8Fe 9.0 8.5 0.8 0.75 587.0 575.1 11.9 
Al-11Si-0.8Fe 11.0 10.7 0.8 0.75 578.3 575.1 3.2 
Modified- 
Al-11Si-0.8Fe1 
11.0 10.7 0.8 0.79 580.1 575.1 5.0 
1 Modified with 50 ppm of Sr. 
Modification with Sr at high level of Si reduced the number of the pre-eutectic β-Al5FeSi 
plates (the large plates of Figure 4-3(d)), whereas it increased the number of co-eutectic or 
post-eutectic plates, (the fine plates in Figure 4-3(d)). The latter also took an intricate 
shape instead of the more usual flat shape. The refining effect of Sr upon the β-plates 
appeared independent of the cooling rate.6 
 
                                            
4
 The larger intermetallic particles tend to fracture first when the alloys is deformed, hence they were considered more 
relevant than the average particle size for this study. 
5 The cooling rate and SDAS data were sourced from the previous study, ref. 7 
6 The mixture of similarly sized co- and post- eutectically formed -platelets makes quantitative metallography of the 
three (pre-, post- and co-eutectic) phases difficult.   
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(a)                                                                                   (b) 
 
Figure 4-1: The size of the largest intermetallic particle found in the backscattered 
electron images of the alloys studied (see Figure 4-2), as a function of (a) the distance 
from the chill and (b) the SDAS. The cooling rates for the 9Si  alloy (sourced from [7]) is 
shown on the top x-axis.  
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(a)                                                                             (b) 
           
                             (c)                                                                (d) 
Figure 4-2: Back Scattered Electron images taken at a location corresponding to an 
average SDAS of ~ 25 m on the plate casting (a) 4.5Si; (b) 9 Si; (c) 11 Si;(d) Sr-modified-
11Si.    
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                                  (a)                                                                  (b) 
          
                                  (c)                                                                 (d) 
Figure 4-3: Back Scattered Electron images taken at an SDAS of ~ 45 m on the alloys 
(a) 4.5 Si (b) 9 Si (c)11 Si (d) Sr-modified- 11Si. “P” indicates the pre-eutectic β-plates and 
“O” post- or co-eutectic plates. 
 
4.5 Discussion 
Depending on the Si and Fe level in aluminium alloys, the formation of β-Al5FeSi plates 
starts in either the pre-, co-, or post-eutectic (Al-Si) stage, and extends almost up to the 
end of solidification, [3,8]. This is in line with the ThermoCalcTM results (see Table 4-1), 
which indicate that the intermetallics should start to form in the pre-eutectic stage for the 
present alloys.  
The effect of increased Si on particle size at low cooling rates can be understood 
considering that the larger amount of eutectic liquid ensures there is enough space and 
time for the independent growth of the intermetallics, hence their size increases.  
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 At fast cooling rates (and increased Si level), the most favoured intermetallics become the 
script-like α-Al8Fe2Si, which grow in multiple directions. Being more numerous than the β- 
plates, for given amount of Fe in solution, the overall particle size is reduced. 
Heterogeneous nucleation of a phase in the melt requires a certain amount of 
undercooling [9,10].  The present results suggest that at fast cooling (~> 1oC/min) and at 
high Si level, a higher undercooling assists the α-Al8Fe2Si nucleation in detriment of the 
number of β- plates.  
The introduction of Sr results in the formation of AlSi2Sr2 particles nucleating on AlP 
particles and hence a reduced number of nucleation sites for the pre-eutectically forming 
intermetallics is available [11]. Post-eutectically forming intermetallics may require 
modified Si particles for the nucleation of the intricately shaped [12] β-Al5FeSi particles. 
This may be the reason for the mixture of large plates and intricate intermetallics of Figure 
4-3(d).7  
 
 
4.6 Conclusions 
 Fe intermetallics exist as two different phases depending on the cooling rate and Si 
concentration: (1) α-Al8Fe2Si; (2) β-Al5FeSi.  
 Increased Si leads to an increased size of the β-phase at lower cooling rates. 
 A preferential formation of α-phase particles is observed at high cooling rates, leading to 
an overall decrease in the size of the intermetallics. 
 Modification with Sr increases the size of pre-eutectically (Al-Si) formed β-Al5FeSi 
intermetallic plates whereas it reduces the co-eutectic and post eutectic β-Al5FeSi 
plates, especially at low cooling rates. 
  
                                            
7
 Table 4-1 shows that although in the present experiment the Sr recovery was rather poor, the effect on the size and 
number of -phase platelets (Fig. 4-3(d) ) was dramatic. 
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5.1 Abstract 
Quasi-directionally solidified plates were sand cast using unmodified Al-xSi-yCu-0.1Mg-
0.5Fe alloy with two Si (x = 4.5 or 9 mass%) and three Cu (y = 0, 1 or 4mass%) contents, 
and the size of the intermetallic phase particles ( -Al5FeSi and Al2Cu) assessed at 
constant secondary dendrite arm spacing (SDAS) using optical microscopy and back 
scattered electron images. Increasing the concentration of Si alone or in combination with 
Cu refined the-Al5FeSi platelets, whereas increasing Cu at constant Si shows an SDAS 
and Si level dependent effect. 
5.2 Introduction 
 
Recent work on Sr modified Al-Si-Cu-Mg-Fe-Mn alloys indicates that increasing Si content 
increases the ductility of high Fe containing alloys [1]. The enhanced ductility was 
explained with the help of the ternary Al-Si-Fe phase diagrams [2]: a higher level of Si 
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shortens the solidification path and refines the -Al5FeSi platelets. The effect was 
observed in the presence of  Cu, Mg, Mn and Sr. Further experiments aimed at verifying 
this hypothesis in ternary Al-Si-0.8Fe alloys contradicted the earlier conclusions, i.e., that 
increased Si led increased the size of the Fe-rich intermetallics [3]. It was thus suggested 
that the refining effect of Si upon the Fe-rich intermetallics was related to the formation of 
low meting point Cu-based eutectics rather than just due to the shortening of the 
solidification path of the Al-Si base alloy.  In the present work the effect of Cu (with levels 
of 0, 1 and 4 %) on the size of -Al5FeSi platelets was studied. The Fe content (0.5%) was 
the same as those of reference [1]. Un-modified alloys were studied. The commercial 
software package, ThermoCalcTM, was used in conjunction with the experiments to help 
understand the solidification sequence and the formation of intermetallics. 
 
5.3 Materials and experimental methods 
 
Six alloy compositions, listed in Table 5-I, were studied. The casting followed the 
description of Refs. [4,5]. Briefly, Al ingot (99.8% purity: main impurities 0.03% Si, 
0.12%Fe) was molten in a 20kW induction furnace along with commercial purity Si.  Cu, 
Fe as AlTab Fe 75% compacts, and Mg were subsequently added in the order; the liquid 
was degassed for about 20 minutes with Ar at a rate of 2 l/min (3.33x10-5 m3/s), and 
poured into the mould after 2 minutes of holding. Samples for chemical analysis were 
taken prior to each pouring. Pouring was done at 1003 K (730˚C) into a sand mould 
assembly, with heavy steel chills at the far ends, designed to produce three plates at a 
time, each 160x120x15 mm3 in size. The mould contained the chills, had dimensions of 
32x40x140 mm3 and their surface was smooth. The mould assembly was inverted right 
after pouring to allow the plates to solidify in a quasi-directional manner upwards away 
from the chill, towards the risers.  Further details of the mould assembly can be found in 
Ref. [4]. 
 
Longitudinal sections were cut from each cast plate and metallographically polished. Back 
scattered electron images were taken at predetermined  locations  selected using data 
from reference [4] to ensure constant SDAS in order to compare the size of Fe- or Cu-rich 
intermetallics. The SDAS selected for metallographic observations (~50 and ~30 µm), 
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correspond to cooling rates of  <1 ºC /s and >5 ºC /s, respectively. The cooling rates 
calculated between liquidus and solidus; CR1 cooling rate as mentioned in the Ref.[4] 
 
5.4 Results 
 
5.4.1 ThermoCalcTM calculations 
 
The onsets of precipitation of each phase in the Cu-free alloys (whose composition 
matches the alloys of the prior studies of Refs. [3,5]) are shown in Fig 5-1 as per the 
values listed in Tbale 5-2. The β-Al5FeSi phase precipitates in the pre-eutectic stage for all 
of the alloys except for the high Si ones where it forms in the post-eutectic stage. When 
present, Cu reduces the onset temperature of all reactions, namely, β-Al5FeSi phase and 
Al-Si eutectic temperatures, as well as a slight reduction in the values of 𝑇𝛽−𝑒𝑢𝑡, and  
𝑇𝑙𝑖𝑞−𝑒𝑢𝑡. The latter two, however, were more than halved by the increase in Si content from 
4.5 to 9.0%. i.e., increased Si level reduced the solidification range, (𝑇𝑙𝑖𝑞 − 𝑇𝑠𝑜𝑙). 
 
 
Figure 5-1: The temperatures at the onset of relevant reactions for the Cu-free alloys 
studied as per Table 5-2. (Note that the Cu-free alloys of the work match those of the prior 
studies of Refs. [3,5]). 
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Table5-1: Target (left paired column) and actual (right, bold column) chemical 
compositions (mass %) of the alloys studied. The alloys nomenclature follows that of 
Ref.[4], i.e.: the superscripted/subscripted elements indicate higher/lower level)  
Alloy 
Chemical Composition8 
Si Cu Mg Fe 
AlSiMg
Fe 4.5 4.3 0.0 0.01 0.1 0.08 0.5 0.49 
AlSiCuMg
Fe 4.5 4.4 1.0 0.96 0.1 0.08 0.5 0.48 
AlSi
Cu
Mg
Fe 4.5 4.3 4.0 3.7 0.1 0.08 0.5 0.42 
AlSiMg
Fe 9.0 8.5 0.0 0.01 0.1 0.13 0.5 0.46 
AlSiCuMg
Fe 9.0 8.7 1.0 0.96 0.1 0.13 0.5 0.45 
AlSiCuMg
Fe 9.0 8.5 4.0 3.79 0.1 0.12 0.5 0.43 
 
 
Table5-2: ThermoCalcTM values for the onset of precipitation and the temperature range of 
key reactions. All values are in [ºC]. 
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A l S i M g
F e  632.96  6 3 2 . 7 6 5 9 6 . 6 6 574.16 58 .6 2 2 . 5 
AlSiCuMg
Fe 629.96  6 2 9 . 2 6 5 9 1 . 7 6 570.06 59 .9 2 1 . 7 
AlSi
Cu
Mg
Fe 621.96  6 2 1 . 5 6 5 7 9 . 8 6 560.16 61 .8 1 9 . 7 
A l S i M g
F e  605.96  6 0 5 . 1 6 5 7 4 . 2 6 574.56 31 .4 - 0 . 3 
AlSiCuMg
Fe 600.96  6 0 0 . 3 6 5 7 1 . 7 6 572.46 28 .5 - 0 . 7 
AlSiCuMg
Fe 591.96  5 9 1 . 6 6 5 6 5 . 3 6 566.76 25 .2 - 1 . 4 
       
 
 
 
                                            
8
 All other common impurities, such as Mn, Pb, Ti, Sn, Cr, Zn, Ni, etc., levels were well below 0.01 w.t.% 
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5.4.2 Backscattered Electron images 
 
Back scattered electron images were obtained at an SDAS of ~ 30 m and ~ 50 m are 
shown in (Fig. 5-2 (a-f)) and (Fig. 5-3 (a-f)) respectively. The Cu-free, Fig 5-2 a and d, and 
0.1 Mg alloys showed a similar effect as in the alloys of Ref. [5] (the Fe content was ~0.8 
mass % in Ref.[5] against 0.5mass% in the present alloys): increasing the level of Si from 
4.5 to 9 reduced the size of Fe intermetallics.  
 
In low Si alloys at small SDAS (Fig. 5-2 a-c), the Cu-free alloy (Fig 5-2(a)) showed a large 
amount of long Fe-rich platelets, the size of which decreased when the Cu content 
increased to 4 mass% (Fig. 5-2(c)). In the 1 mass% Cu alloys, the Fe-rich platelets exhibit 
a greater degree of interconnection than in the Cu-free alloy.  
 
A high Si content (Fig. 5-2(d-f) and Fig. 5-3 (d-f)), refined the intermetallics at small SDAS 
regardless of the presence of Cu. At large SDAS, Cu does increased the size of the 
intermetallics (i.e., the effects were opposite to those of the low Si alloys). 
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Figure 5-2: Back Scattered Electron images taken near chill end on the (left) low Si and 
(right) high Si alloys with (a & d) 0 Cu, (b & e) 1Cu, and (c & f) 4Cu. Average SDAS ~ 30 
m. 
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Figure 5-3: Back Scattered Electron images taken near riser end on the (left) low Si and 
(right) high Si alloys, with (a & d) 0 Cu, (b & e) 1Cu, and (c & f) 4Cu. SDAS ~ 50 m. 
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5.5 Discussion 
 
All of the alloys with low Si (4.5 wt. %) precipitate the -Al5FeSi intermetallics in the pre-
eutectic stage (Table 5-2 and Fig. 5-1). Introduction of Cu or increasing the Cu content 
reduces the 𝑇𝛽−𝑒𝑢𝑡 slightly (Table 5-2) and possibly following the suggestion made in 
Ref.[3], the Cu rich pools of liquids isolate the -Al5FeSi plates preventing them from 
forming long interconnected clusters. Alternatively, it may be speculated that if the Al2Cu 
particles nucleate on the -Al5FeSi plates, then the lengthening process of the latter may 
somehow be disturbed by the newly nucleated particles; hence the overall size reduction 
of Fe-rich intermetallics. The multiple Cu pools lead to extensive comminution and this is 
the dominant effect, especially at small SDAS. 
   
Prior work showed that increased Si increases the size of the -Al5FeSi plates at 0.8 Fe 
level [3] whereas the more detailed study of Ref. [5]  made evident the a cooling rate 
dependent evolution of α-Al8Fe2Si and -Al5FeSi phases at this high Fe level. In the 
present study, with only 0.5 Fe, the - plates did not increase in size with increasing Si 
level (against Ref.[1]’s main conclusion); instead,  it shows  preferential formation of α-
Al8Fe2Si particles at small SDAS and of -Al5FeSi plates at large SDAS. These 
observations can be easily rationalised with reference to different onset of precipitation 
temperature (Figs. 5-1 and 5-2, and Table 5-2). The -Al5FeSi plates evolve in the pre-
eutectic stage in the low Si alloys with 0.5 Fe, and even in high Si alloys with 0.8 Fe. In the 
high Si alloy with 0.5 Fe, the -Al5FeSi plates form in the post-eutectic stage, hence size 
refinement for increased Si occurs (Fig. 5-3). In the high-Cu low-Si alloys the -Al5FeSi 
plates form in the pre-eutectic stage and no refining should be expected, still the Figs. 5-2 
and 5-3 showed a size refining effect compared to the low-Si (Cu-free) alloys. In fewer 
words, further growth of the pre-eutectically nucleated -Al5FeSi plates in the post eutectic 
stage is prevented by the liquid Cu-rich pools. 
  
Increasing the Cu content to the low Si alloys reduces the size of the -Al5FeSi plates in 
small SDAS, but the effect requires a critical level of Cu which is a function of the cooling 
rate and the Fe and Si content. The critical level of Cu seems determined to the solubility 
in Al, which is around 1mass%. That is, an excess of Cu above this concentration is 
required for the refining of Fe-platelets to occur (i.e. Formation of Al2Cu is required). 
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At large SDAS in the low Si alloys, increased Cu, actually increased the size of -Al5FeSi 
plates. Since the Fe-intermetallic particles nucleate in the pre-eutectic stage and due to 
the slow cooling rate there would be much time and space for the independent growth of 
these plates to grow larger before the nucleation of the detrimental Al2Cu particle which 
could prevent the lengthening of these plates. In the slow cooling condition, i.e. SDAS >50 
m, Cu forms both blocky and fine eutectic Al2Cu in the low Si alloys. In high Si alloys it 
only forms very fine eutectic Al2Cu. Increasing Si increases the size of the -Al5FeSi plates 
in Cu free alloys with 0.8 mass% Fe [3,5]. Increasing Si with Cu reduces this effect. 
Hence, addition of Cu to high Si alloys not only improve its strength but also be beneficial 
by improving ductility especially for alloys made using slow cooling processes such as 
sand castings. Again Cu addition to low Si alloys (which form with SDAS of < 25 m) is 
also beneficial for refining the -Al5FeSi plates. The reason for the refining effect of high 
level of Si on the Al2Cu is, increasing Si in low cooling condition provides more nucleation 
sites, post eutectically formed -Al5FeSi plates [6], for the eutectic Al2Cu and the formation 
of this fine eutectic precipitation prevent the lengthening of -Al5FeSi plates in the later 
part of solidification. 
 
5.6 Conclusions  
 
 High  level of Si and/(or) Cu decreased the amount and size of the β-Al5FeSi 
platelets  in Al-Si-Cu-Mg-Fe casting alloys, especially at small SDAS if the Fe level 
is below the Si dependent critical level for the formation of the pre-eutectic platelets 
(in the post eutectic stage).   
 The Fe- bearing intermetallics become script-like, alpha-Al8Fe2Si, at small SDAS 
while at large SDAS they take a plate-like, β-Al5FeSi, shape.  
 At small SDAS, in the low Si (4.5%) alloys, Cu actually leads to decreased  size of 
the interemetallics whereas in the Cu-free, high-Si alloy, the plates are replaced by 
mixture of the irregular α-Al8Fe2Si and β-Al5FeSi platelets. ie. in the Cu containing 
alloys, plates are formed even at small SDAS.  
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6.1 Abstract 
Plates of Al-(a)Si-(b)Cu-Mg-(c)Fe alloys with varying content of (mass%) Si (a = 3, 4.5, 
7.5, 9, 10 or 11), Cu (b = 0, 1 or 4) and Fe (c = 0.2, 0.5 or 0.8) were cast in sand moulds 
with a heavy chill at one end to ensure quasi-directional solidification over a wide range of 
Secondary Dendrite Arm Spacing (SDAS). Statistical analysis on the size of the-Al5FeSi, 
α -Al8Fe2Si, or Al2Cu intermetallics on Back Scattered Electron (BSE) images showed that 
a high Si content reduced the size of the  platelets in alloys with Fe content up to 0.5 
regardless of the SDAS whereas at small SDAS (i.e., high solidification rate), the refining 
effect extended up to 0.8 Fe, and involved the α-phase intermetallics which replaced the 
beta platelets at that concentration. At low Si contents and small SDAS, a high Cu level 
reduced the size of the -platelets due to the comminution of the Fe-/Cu- rich liquid pools 
which solidify well below the Al-Si eutectic. In the high Si/high Cu alloys the Al2Cu 
intermetallics tended to agglomerate with the Fe-rich intermetallics during the post eutectic 
stage, leading to an overall increase in the size. The implications of these observations on 
the use of high-Fe secondary alloys are discussed. 
 
Key words: Secondary dendrite arm; sand castings; Fe-rich intermetallics; alloy A319; 
Al2Cu  
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6.2 Introduction 
A recent study [1] on a comprehensive set of experimental Al-Si-Cu-Mg-0.5Fe alloys 
showed that a high (9 mass %) Si content made the alloys more tolerant, as indicated by 
the alloy’s increased ductility, to higher levels of Fe, through a refining effect on the -
Al5FeSi intermetallics. With reference to alloys labelled 1 or 5 in Fig. 6-1 (refer to Table 6-2 
for the alloy’s compositions), increasing the Fe content from 0.2 to 0.5 mass%) had a 
dramatic deleterious effect on the ductility of (alloys labelled 2 or 6). A high-Si content in 
(alloys 14 and 18) restored the alloy’s ductility to the level of the low-Fe counterparts. The 
increased ductility of alloys 14 and 18 was explained by the refining of Fe-/Cu-bearing 
intermetallics particles illustrated by the micrographs of Fig. 6-1. The effects were ascribed 
to changes in  the solidification path [2] on the Al-Si-Fe phase diagram which was 
presumed led to  shorter solidification paths in the high Si alloys. The lack of a similar 
refining effect of increased Si in further experiments involving the ternary Al-Si-0.8Fe alloy 
suggested that the overall refining of Fe-rich intermetallics might involve the low melting 
point Cu-based eutectics [3]. It was speculated that the Fe remained dissolved in the Cu-
rich pools of low melting point Al-Cu eutectic whereas the large volume fraction of Al-Si 
eutectic at high Si contents helped disperse the Cu-rich pools.  
 
 
Subsequent studies [4-6] over a wide range of solidification rates in high Fe ternary Al-
(4~9 mass %)Si-0.8Fe alloys showed a propensity to form α-Al8Fe2Si and a concomitant 
reduction in the size of the β-Al5FeSi platelets in the high Si alloys, but only at high 
solidification rates; large β-Al5FeSi platelets remained prevalent when either the 
solidification rate or the Si level were low.9 A detailed crystallographic study [7] further 
confirms this cooling rate and Fe/Si level dependent ternary intermetallic phase formation 
in Al-(2-12.5)Si-(0.05-0.5)Fe alloys.  According to ThermoCalcTM,[8] , at 0.8Fe level, β-
Al5FeSi plates are formed in the pre-eutectic stage, suggesting that the size refining effect 
of Si depended only on whether the platelets form in either the pre- or the post-eutectic 
stage. Such a hypothesis posed a further question, that of the role of Cu on the refining of 
                                            
9
 Note: the level of Fe in these alloys (0.8%) was higher than in Ref. 1 (0.5%) 
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the intermetallics of reference [3] as the original alloys [1] had Cu. A detailed analysis of 
the size of the platelets in alloys with different Fe, Cu and Si levels for various solidification 
rates appeared thus required for a more complete understanding of the refining effects of a 
high Si and Cu levels, upon the Fe-rich intermetallics.  
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Figure 6-1:  Quality index chart showing the effect of increased Si, and Fe on material’s 
strength-ductility behaviour on the (1,2 and 14) 1Cu alloys and (5,6 and 18) 4Cu alloys, 
reproduced from Ref.[1]. The alloy numbers follow the original labelling [1]. The 
photomicrographs illustrate the changes in size and morphology of the Fe-rich 
intermetallics with the Fe and Si level. See Table 6-2 for chemical compositions.  
 
   
 
Alloy 5 Alloy 1 Alloy 18 
Alloy 1 
Isolated α-Fe/Mn 
script 
 
 
Long and interconnected β-
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Small and isolated β-
plates 
Alloy 2 Alloy 14 
 Long/interconnected β/α 
 Isolated Al2Cu/α  
 Small Al2Cu/β  
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In all of the alloys of references [3,5], due to their relatively high (0.8 mass %) level of Fe, 
the precipitation of the Fe-intermetallics was expected to start in the pre-eutectic Al-Si 
stage. This prediction does not necessarily apply to alloys with lower Fe contents, such as 
those of the study leading to Fig. 6-1 [1]. This is so since at low Fe-levels the precipitation 
of intermetallics, according to ThermoCalcTM, may occur in the pre-/co-/post-eutectic 
stages depending on the Si level (see Table 6-2). 
 
Thus, the present study aimed at comparing the intermetallic particle size and distribution, 
at constant SDAS, of a range of Al-Si-Cu-Fe alloys in order to understand the refining 
mechanisms of high Si and/or Cu contents on the Fe- and Cu-rich intermetallic particles. 
 
The intermetallic particles can be distinguished by their size, colour (in optical 
micrographs) and morphology in alloys with known chemical compositions.[9-13] Since 
most of these intermetallics are smaller than 2µm it is a challenge to accurately find the 
chemical composition using EDX, if the electron matter interaction volume is considered. 
The Electron Back Scatter Diffraction (EBSD) technique is another option, less time 
consuming than TEM, and which can be used to identify the phases with acceptable 
confidence (i.e., with a mean angular deviation, < 1o).  
 
Khalifa et al. claimed that β-Al5FeSi plates are stable at low cooling rates, whereas α -
Al8Fe2Si  particles are stable over a wide range of cooling rates [14]. However, should the 
β-Al5FeSi plates form via a peritectic reaction from α -Al8Fe2Si particles as reported by 
Mulazimoglu et al. and Lee et al. [15-16] hence at intermediate cooling rates a mixture of α 
-Al8Fe2Si and β-Al5FeSi intermetallics should be observed on the microstructures, but 
these issues have not been looked at in detail in the open literature. 
 
Another issue to consider is the potential effect of the latent heat during the solidification of 
different intermetallics since its release should effectively reduce the cooling rate as the 
different phases form. On the other hand, it should have no marked effect on the 
temperatures at which the individual phases form, nor the amounts that are predicted to 
form; besides, in the experimental alloys of this study the amount of intermetallics formed 
is very small compared to the Al solid solution or the eutectic Si. The phases that can 
account for a various amounts of latent heat are the Al Solid solution and eutectic Si on the 
different alloys. Still, when comparing the constant SDAS samples this would not show a 
 92 
 
considerable effect, as the  SDAS in aluminium alloys depends on several other factors as 
well, such as cooling rate/solidification time and alloy compositions (strongly influenced by 
Si level or the amount of intermetallic phases [4]). 
 
 
Prior results [4] on the alloys of this study relating the imposed solidification rate and the 
SDAS were used to identify the locus of constant SDAS along the cast plates. The 
interrelationship between solute content, SADS and solidification rate is illustrated in Fig. 
6-2 for the two extreme levels of Si content used in this study.  
 
Figure 6-2: SDAS as a function of solidification rate during solidification, reproduced from 
reference [4] ): the solidification rate was calculated based on the alloy the liquidus and the 
solidus temperatures, labelled CR1 in reference[4] ). The solid line represents the low Si 
and the dotted line the high Si content alloys of Table 6-1.   
 
For this work, a set of Al-Si-Fe ternary alloys (see Table 1) representing pre-/co (near)-
/post-eutectically forming Fe-intermetallics for various Fe levels (0.2, 0.5 and 0.8 mass %) 
were first cast, followed by a  set of quaternary (Al-Si-Cu-Fe) alloys, with  three levels of 
Cu; 0, 1 and 4 mass%. The compositions of both sets of alloys were predetermined using 
ThermoCalcTM: in order to ensure that the Fe-rich intermetallics formed in either the pre-
/co-/post-eutectic stages, (see Table 6-2). 
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6.3 Materials and experimental methods  
The compositions of the alloy studied are listed in Table 6-1, sorted as per their Cu-
content. The casting procedure reproduced that of Refs. [4-6]. briefly, commercial purity 
(99.8%) Al ingots were melted in a 20kW induction furnace along with commercial purity 
lump Si, and high purity Cu and Mg were added as required. Fe was added as AlTabTM Fe 
75% compacts. The liquid was degassed for ~ 20 minutes with Ar at a rate of 2 l/min 
(3.33x10-5 m3/s), and then held for 2 minutes before pouring. Samples for chemical 
analysis were taken at this time. The melt was poured at 1003 K (730˚C) into a sand 
mould assembly designed to produce three plates at a time as depicted in Fig.6-2 of Ref. 
4. The moulds had a heavy steel end chill of dimensions 32 x 40 x 140 mm3 and their 
surface was smooth. The mould assembly was inverted immediately after pouring to allow 
the plates to solidify upwards, quasi-directionally, away from the chill. The cast plates were 
160 x 120 x 15 mm3 in size.  
 
Longitudinal sections were cut from plates of each alloy and metallographically polished. 
Back scattered electron images were taken at selected locations of the polished surface in 
order to determine the sizes and number density of the Fe-rich/Cu-rich intermetallics. The 
locations to study in each plate were determined on the base of the average SDAS. The 
choice of constant SDAS, over constant solidification rate, had many reasons; (1) the local 
solidification rate within a casting is very hard to measure (even with non-destructive 
measurement; high error), it is not guaranteed to have the same solidification rate at the 
same location of other similar casting of the same alloy composition, and thermocouple 
also would disturb the solidification when acquiring the thermal information (2) the size of 
any intermetallics in an alloy mainly depends on the SDAS (3) SDAS is a result of local 
cooling rate and can be measured, with acceptable error, after the solidification is 
complete. Thus, the choice of SDAS is important. For this, solidification rates and SDAS 
determined  in the previous study [4] were used. 
 
 Images of intermetallic particles, bright area on the BSE images, were extracted from 
these images using the Image-Pro® Software. The contrast between the Al matrix and the 
Fe- and Cu-rich intermetallic particles is determined by the difference in atomic numbers. 
Thus, the use of BSE images for the quantitative analysis has an inherent advantage over 
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the usual optical image analysis, which is subject to focus and contrast manipulations. For 
the present measurements based on the detectors/screen resolution, the error on the 
dimensions was expected not to exceed ±0.35 μm in any direction (i.e. image width (495 
μm) divided by the number of pixels (1424) = ±0.35 μm). On the other hand, some 
detection of intermetallics under the polished surface is inevitable due to the penetration of 
the electron beam, so present technique may overestimate the size and area fractions 
somewhat.10  
 
 
 
For this study the longest particle size, mean particle size, number density of particles, 
area fractions of the intermetallics were determined at 30 and 50 μm SDAS, corresponding 
to average solidification rates of approximately 1 and 0.2 °C/s [4], see Fig. 6-2.  
 
Solidification simulation, based on Scheil-Gulliver equation using ThermoCalcTM, was 
performed for the actual chemical compositions of the alloys in order to identify whether 
each alloy formed the Fe-intermetallic phase particle in the pre-/co-/post- eutectic stage; 
the temperature difference between the key reactions were calculated from these data, 
see Table 2. 
 
6.4 Results 
Table 6-1 shows the nomenclature of the alloys studied and the actual alloy compositions, 
as measured by atomic emission spectroscopy. ThermoCalcTM calculations for the onset of 
different phase precipitation temperatures of the alloys studied and other relevant 
                                            
10 The electron-matter interaction depth [17] ] in pure Al, Si, Cu and Fe for the 20 keV electrons is estimated 
as 4.2, 4.7,1.5, and 1.6 μm, respectively although the effective BSE depth is far more less than these ;only 
X-ray signals (EDX/EDS) come from this much deeper region where as the backscattered electrons and 
secondary electrons come from the actual surface[18,19], after the incident electron interaction, so the error 
for under the surface detection seems to be minor; especially for the high density intermetallic particles.eg. 
density of α-Al8Fe2Si and β-Al5Fe2Si are 3695 and 3429 kg/m
3
 respectively. 
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information, including a reference to equivalent alloys of the earlier study [1] are tabulated 
in Table 6-2.  
 
 
Table6-1: The alloys’ compositions, as determined by atomic emission spectroscopy 
(mass %). The alloys nomenclature; the superscripted/subscripted elements indicate 
higher/lower level of each element. eg. AlSiMgFe
Cu indicates the alloy with low (subscript) 
Si (4.5), 0.1Mg, medium Fe (0.5) and high (superscript) Cu(4) and balance Al. 
 
 
Alloy 
(actual composition, mass %) 
Al Si Cu Mg Fe 
AlSiFe 
A
l-
S
i-
F
e
 
Bal. 4.9 - - 0.56 
AlSiFe Bal. 7.6 - - 0.52 
Al
Si
Fe Bal. 9.5 - - 0.49 
AlSiFe Bal. 3.0 - - 0.24 
AlSiFe Bal. 5.0 - - 0.22 
Al
Si
Fe Bal. 10.3 - - 0.21 
AlSi
Fe
 Bal. 4.3 - - 0.8 
AlSi
Fe
 Bal. 8.5 - - 0.8 
Al
SiFe
 Bal. 10.7 - - 0.8 
Sr
11
-Al
SiFe
 Bal. 10.7 - - 0.8 
AlSiMgFe 
A
l-
S
i-
C
u
-M
g
-F
e
 
Bal. 4.3 - 0.08 0.49 
AlSiMgFeCu Bal. 4.4 0.96 0.08 0.48 
AlSiMgFe
Cu
 Bal. 4.3 3.7 0.08 0.42 
Al
Si
MgFe Bal. 8.5 - 0.13 0.46 
Al
Si
MgFeCu Bal. 8.7 0.96 0.13 0.45 
Al
Si
MgFe
Cu
 Bal. 8.5 3.7 0.12 0.43 
 
  
                                            
11
 The Sr modification level was 50 parts per million 
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Table 6-2: ThermoCalcTM calculations12,[8], for the onset of precipitation temperature, in K 
(ºC values are given within brackets), of the key reactions for the various alloys studied. 
The alloys compositions as determined by atomic emission spectroscopy (mass %). Alloy 
1 and 5 from Ref. 1 are included for comparison (italics) 
Alloy 
(actual composition, mass %) 
Dendrite 
formation  
(Al solid solution) 
(Tdent)  
K (oC) 
β-Al5FeSi 
(Tβ)  
K (oC) 
Eutectic Al-Si 
(Teut) 
K (oC) 
(Tβ-Teut) 
K 
Similar alloy 
in Ref.1 
13
 
AlSiFe 
(Al 4.9Si-0.56Fe) 
A
l-
S
i-
F
e
  
 
902.3 (629.2) 869.7 (596.6) 848.2 (575.1) 21.5  
AlSiFe 
(Al-7.6Si-0.52Fe) 
884.8 (611.7) 852.1 (578.9) 848.2 (575.1) 3.8  
Al
Si
Fe 
(Al 9.5Si-0.49Fe) 
871.7 (598.6) 848.2 (575.1) 848.6 (575.5) -0.4  
AlSiFe 
(Al 3.0Si-0.24Fe) 
914.9 (641.8) 860.6 (587.5) 848.2 (575.1) 12.4  
AlSiFe 
(Al 5.0Si-0.22Fe) 
902.5 (629.4) 848.2 (575.1) 848.7 (575.6) -0.5  
Al
Si
Fe 
(Al 10.3Si-0.21Fe) 
866.5 (593.4) 848.2 (575.1) 849.5 (576.4) -1.3  
AlSi
Fe 
(Al 4.3Si-0.8Fe) 905.6 (632.5) 881.4 (608.3) 848.2 (575.1) 
 
33.2 
 
AlSi
Fe 
(Al 8.5Si-0.8Fe) 878.2 (605.1) 860.1 (587) 848.2 (575.1) 
 
11.9 
 
Al
SiFe 
(Al 10.7Si-0.8Fe) 862.6 (589.5) 851.4 (578.3) 848.2 (575.1) 
 
3.2 
 
AlSiMgFe 
(Al-4.3Si-0.08Mg-0.49Fe) 
A
l-
S
i-
C
u
-M
g
-F
e
  
 
905.9 (632.8) 869.8 (596.7) 847.3 (574.2) 
 
22.5 
 
(Al-4.6Si-1.02Cu-0.1Mg-0.2Fe-
0.020Sr) 902( 629.2) 842.5 (569.4) 843.7 (570.5) -1.1 Alloy 1*** 
AlSiMgFeCu 
(Al-4.4Si-0.96Cu-0.08Mg-
0.48Fe) 
902.4 (629.3) 864.9 (591.8) 843.2 (570.1) 
 
21.7 
Alloy 2** 
(Al-4.5Si-4.09Cu-0.09Mg-
0.21Fe-0.013Sr) 892.4 (619.3) 829.9 (556.8) 833.5 (560.4) -3.6 Alloy 5*** 
AlSiMgFe
Cu 
(Al-4.3Si-3.7Cu-0.08Mg-0.42Fe) 894.74 (621.6) 853.1 (579.9) 833.3 (560.2) 
 
19.7 
Alloy 6** 
Al
Si
MgFe 
(Al-8.5Si-0.13Mg-0.46Fe) 878.34 (605.2) 847.4 (574.3) 847.7 (574.6) 
 
-0.3 
 
Al
Si
MgFeCu 
(Al-8.7Si-0.96Cu-0.13Mg-
0.45Fe) 
873.54 (600.4) 844.9 (571.8) 845.6 (572.5) 
 
-0.7 
Alloy14** 
Al
Si
MgFe
Cu 
(Al-8.5Si-3.7Cu-0.12Mg-0.43Fe) 864.84(591.7) 838.5 (565.4) 839.9 (566.8) 
 
-1.4 
Alloy18** 
 
 
 
                                            
12
 Calculated using the ThermoCalc
TM
 data base “ Al-Alloys Database v6, Thermoc Tech Ltd” 
13
If 0.25 mass% Mn and 200 ppm Sr are added. 
*** Original alloys from Ref 1. 
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6.5 Al-Si-Fe Alloys 
 
  
  
  
Figure 6-3: Back Scattered Electron images of microstructures near the chill end (SDAS~ 
30 μm) of the the 0.5 Fe and (a & b) 4.9Si, (c & d) 7.6 Si, (e & f) 9.5Si alloys. Note that the 
images (a, c & e) are at higher magnification. 
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Figure 6-4: Images of intermetallic particles (bright) extracted using the Image-Pro® 
Software from Back Scattered Electron images (Fig.6-3 and Figs. A-2, A-5) and ordered 
with their decreasing area on the original BSE images; the black particles in the 
background images are the intermetallics in their original locations. Images (left) SDAS 
~30 μm; (right) 50 μm; alloys with 0.5Fe and (a & b) 4.9Si, (c & d) 7.6Si, and (e & f) 9.5Si. 
 
Figs. 6-3 (a) through (f) (and Figs. A 1-7 in the appendix) compare the intermetallic 
particles at 30 μm SDAS, Images of the intermetallic particles extracted from the BSE 
images (Figs. 6-3 and Figs. A 1-6) are ordered as per their area (decreasing order) in the 
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Figs. 6-4 and A-7, and compared quantitatively in the histograms of, Figs. 6-6, and line 
plots of Figs 6-10.  
 
With reference to Figs. 6-5, 6-6(a) and 6-7, a high Si level in the alloys with up to 0.5Fe 
reduced the longest intermetallic particle size shifting the histogram towards smaller sizes, 
whereas the high Fe (0.8) alloy at SDAS of 50 μm, Fig. 6-6(b),exhibited the opposite trend. 
Area fraction of intermetallics particles shown in Fig. 6-8 tend to increase with Si in the 
small SDAS sample when a complete formation of α-intermetallics formed. This means, in 
the medium (Si level a mixture of α and β phases formed and hence the area fraction of 
intermetallics reduced but with the very high Si (~11 mass %) and at small SDAS the area 
fraction of the intermetallics consists only α phase. 
 
The number density of the intermetallic particles increases with the Si content for all Fe 
levels at small SDAS, as shown in Fig. 6-9, but at large SDAS is the trend was opposite. 
The mean size, Fig. 6-10, of the intermetallic particles in the 0.2 Fe alloys at SDAS of 30 
μm was consistently smaller; increasing the SDAS increased the mean value for both 0.2 
and 0.5 Fe alloys, Figs. A-3 – A-4. Increasing Si from 4.5 to 9.0 mass% reduced the mean 
size. The alloys with 0.8Fe showed the opposite effect at 50 μm SDAS.  
 
In the 0.2Fe containing alloys almost all of the particles were fine script-like α-intermetallics 
regardless of the SDAS, Figs. A-1, A-4, and A-7. In the 0.5Fe alloys at low Si level, -
Al5FeSi intermetallic plates predominated, Fig. 6-4 (a) and (b). In these cases increased Si 
content and/or a high solidification rate favoured the formation of α-intermetallics instead, 
Fig. 6-4 (c) through f, and a mixture of α- and - particle formed. 14  In this case, the trends 
of the plots in the Figs. 6-10 changed; y- values at these figures. do not follow a common 
trend especially at 0.5/0.8 Fe level, and these depend on Si concentration and SDAS, due 
to the different fraction of α- and β- phase Fe-intermetallics formation. 
 
Note that the size of the intermetallics measured does not distinguish the type of 
intermetallics (α- / - Fe intermetallics or Al2Cu for the next set of alloys) due to the effect 
                                            
14
 EBSD technique was used to identify the phases and it confirmed with mean angular deviation, of the 
patterns,  < 0.5; the script like particles (contains Al, Si and Fe as confirmed by EDX map on TEM, Fig. A-9) 
as α, and the plate-like particles as β. See Fig. A- 9-13 for more detail. 
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of these brittle intermetallics on material’s ductility mainly depends on the size; hence the 
size of any intermetallic particle was measured, or an agglomerated α- / - Fe 
intermetallics (or Al2Cu for the next set of alloys). 
The number density of particles formed at the high solidification rate tended to increase 
with the Si level and this was accompanied by an increase in the area fraction of the Fe-
rich intermetallics; this was in the 0.5Fe alloys. In the 0.8 Fe alloys the effect was opposite, 
i.e., the number density decreased with the Si and there was also a reduction in the area 
fraction of these intermetallics in the slow cooled sample. 
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Figure 6-5: Histograms15 of the size distributions of the intermetallic particles (images) 
extracted from Back Scattered Electron images (Figs. A-6 - A-7). Graphs (left) SDAS ~30 
μm; (right) 50 μm; for the (top) 0.2 and (bottom) 0.5Fe alloys with low, medium and high Si 
contents. 
                                            
15
 The bin size of the histograms is set to 5 μm for clarity in all Figs. 
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Figure 6-6: Histograms of the size distribution of the intermetallic particles extracted from 
Back Scattered Electron images (Fig. A-8). Graphs (left) SDAS ~30 μm; (right) 50 μm; for 
the 0.8Fe alloys with low, medium and high Si contents. 
  
Figure 6-7: Size of the longest intermetallic particle measured on Back Scattered Electron 
images (Figs. 6-3,A-1 – A-7; extracted particles on Figs A-1 – A-7) taken at an SDAS of 
(dotted lines) 30 μm and (solid lines) 50 μm for the 0.2, 0.5 and 0.8 Fe alloys as a function 
of Si content. The crosses indicate the corresponding values for the Sr-modified alloy, 
11Si. 
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Figure 6-8: Area fraction of the intermetallic particles measured on Back Scattered 
Electron images (Figs. 6-3,A-1 – A-7; extracted particles on Figs A-1 – A-7) taken at an 
SDAS of (dotted lines) 30 μm and (solid lines) 50 μm for the 0.2, 0.5 and 0.8 Fe alloys as a 
function of Si content. The crosses indicate the corresponding values for the Sr-modified 
alloy, 11Si. 
 
 
Figure 6-9: Number density of intermetallic particles counted on Back Scattered Electron 
images (Figs. 6-3,A-1 – A-7; extracted particles on Figs A-1 – A-7) taken at an SDAS of 
(dotted lines) 30 μm and (solid lines) 50 μm for the 0.2, 0.5 and 0.8 Fe alloys as a function 
of Si content. The crosses indicate the corresponding values for the Sr-modified alloy, 
11Si. 
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Figure 6-10: Mean size of the intermetallic particles measured on Back Scattered Electron 
images (Figs. 6-3,A-1 – A-7; extracted particles on Figs A-1 – A-7) taken at an SDAS of 
(dotted lines) 30 μm and (solid lines) 50 μm for the 0.2, 0.5 and 0.8 Fe alloys as a function 
of Si content. The crosses indicate the corresponding values for the Sr-modified alloy, 
11Si. 
6.6 Al-Si-Cu-Mg-Fe alloys 
Figure 6-11 (a-f) compare the size of the intermetallic particles (Fe-/Cu-bearing) extracted 
from the BSE images (30 μm SDAS) of the alloys with 0,1 and 4 mass % Cu; the original 
BSE images are not shown for the sake of brevity. Histograms are compared in Figure 6-
12 (a) for the low Si and (b) for the high Si alloys. Fig 6-13 (a-d) compares (a) the longest 
intermetallic particle size found in each microstructure, (b) area fraction, (c) number 
density of particles seen in each of the micrographs and (d) the mean size of the 
intermetallics phase particles with the alloy’s Cu level.  
 
These Figures show that a high Cu level, (4 mass %), at 30 μm SDAS and low Si level, 
does refine the intermetallics, suggesting that the effect requires a relatively high density of 
Al2Cu particles forming in the liquid. At high Si level, increasing Cu increases the size of 
the intermetallics. Figure 6-11 shows that this is due to the script-like α-particles being 
dominant in the microstructure and they tend to agglomerate with Al2Cu and hence 
increased size of the combined intermetallic particles.  
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Figure 6-11: Intermetallic particles extracted from Back Scattered Electron images and 
ordered as per their decreasing area. Images (left) 4.5Si; (right) 9.0 Si; alloys with 0.5Fe 
and (a & b) 0Cu; (c & d) 1Cu; and (e & f) 4Cu alloys at SDAS 30 μm. All images are to the 
same scale to enable direct comparison. 
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Figure 6-12: Histograms of the size distribution of the intermetallic particles extracted from 
Back Scattered Electron images (Fig. 6-11). Graphs (left) low Si; (right) high Si alloy, 
without, with 1 or 4Cu contents.    
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(a)                                              (b) 
         
(c)                                          (d) 
Figure 6-13: (a) The size of the longest, (b) area fraction of, (c) number density of, (d) 
mean size of, the intermetallic particle/s extracted from BSE images (Fig. 6-11) as a 
function of Cu and Si content. Similar (without Sr and Mn, see Table 6-1) alloys from Ref. 
1 are marked. 
6.7 Discussion 
6.7.1 Al-Si-Fe Alloys 
Table 6-2 shows the relevant reaction temperatures as per the ThermoCalcTM predictions 
for the experimental alloys. A graphical depiction, in Fig.6-14 , of the data of Table 6-1 as a 
function of the Si content suggests that the β-Al5FeSi phase precipitates in the pre-eutectic 
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stage for the lower Si contents, whereas it forms in the post-eutectic stage for the 9 mass 
% alloys, when the Fe content is below 0.5 mass %; the lowest Si content experimental 
alloys (both 0.5 and 0.2 Fe level) and all of the 0.8Fe alloys (for the Si levels tested) also 
form -Al5FeSi plates in the pre-eutectic (Al-Si) stage. These alloys are represented by the 
triangles and crosses above the Fcrit line as marked in Fig 6-15. The other experimental 
alloys, with Fe level below 0.5 mass%, should form the -Al5FeSi plate in the very near co- 
eutectic stage or post-eutectic stage, according to the phase diagram or ThermoCalcTM 
(although these do not allow for solidification rate effects on the formation of various 
phases). When -Al5FeSi plates start to form in the pre-eutectic stage they would have 
more time and physical space for their independent growth and hence large plates form, 
as can be seen in the Figs. 6-3,A-1 – A-7. When the -Al5FeSi plates start to form in the 
co-/post-eutectic stage, i.e. as a ternary eutectic, they have shorter time for independent 
growth and more physical interference from co-precipitating phases as the solidification 
progress and this leads to a size reduction on the -Al5FeSi plates as the Si level 
increases. Microstructures (with images of the intermetallics particles extracted and 
ordered as per their area) of the ternary alloys studied are compared with their Fe and Si 
concentration (for both 30 and 50 μm SDAS) around the phase diagram in Fig. 6-15, in 
order to understand the size refining effect of Si, and this will assist the reader to 
understand the following explanations.  
  
      
Figure 6-14: ThermoCalcTM data for the onset of key solidification reactions for the alloys 
of Table 6-1, as a function of the Si concentration. Left – AlSiFe alloys; right – 
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AlSiCuMg(Fe) alloys. The lines marked with “β” describe the -Al5FeSi phase reaction 
temperatures for the various alloys. 
 
In the previous study [3], the ternary Al-11Si-0.8Fe alloy showed larger -Al5FeSi plates at 
about 50 μm SDAS. A further study [5] showed a solidification rate dependent evolution of 
α-Al8Fe2Si and -Al5FeSi phases at this Fe level. Since the same is not observed at low 
(0.5%) levels of Fe, suggest that when the Fe concentration in the liquid is not enough 
(e.g, <0.5% in 9Si alloy) for the precipitation of β-Al5FeSi phase in the pre-eutectic stage, it 
is delayed until it reaches a sufficient Fe level in the liquid after the eutectic Al-Si 
formation. If the Fe level is sufficient, (e.g. >0.5% in 9Si alloy) in the pre-eutectic stage, 
and the solidification rate is high enough then the α-Al8Fe2Si phase starts to precipitate  
hence the Fe level decreases in the liquid and β-Al5FeSi phase precipitation becomes 
difficult, even in the post eutectic stage. If enough Fe is still available in the later stage, a 
mixture of both α-Al8Fe2Si β-Al5FeSi phases can be seen in the microstructure, as in Figs. 
A-2 – A-3. This is discussed further below. However, in the present study with the 0.5 and 
0.2 Fe level, the -Al5FeSi plate size did not increase with increasing Si level whereas the 
solidification rate dependence is observed through the formation of α-Al8Fe2Si particles at 
fast solidification rate, and -Al5FeSi plates at slow solidification rates only. This can be 
easily understood with the different onset of precipitation temperature shown in Table 6-2. 
The -Al5FeSi plates nucleate in the pre-eutectic stage in the low Si alloys with 0.5 Fe, and 
even in high Si alloys with 0.8 Fe. The -Al5FeSi plates form in the post-eutectic stage in 
the high Si alloys with 0.5 and 0.2 Fe hence the size refinement, as can be seen from the 
Fig. A-2.  
 
It has been proposed that both -Al5FeSi plates and eutectic Si are preferentially 
nucleated on AlP particles,  on oxide particles [14], or on wetted [20] outer interface of the 
oxide films [11,21-23]. This suggests that should the nucleation sites be the AlP particles, 
at high Si contents, the potential nucleation sites are effectively poisoned by the formation 
of eutectic Si before the temperature reaches that of the -Al5FeSi plate precipitation. 
Should the potential nucleation sites be the oxide bi-films, as the Si content increases it is 
likely to reduce the nucleation sites concentration due to the reduced weight ratio between 
Al and Si. As the -Al5FeSi nucleation becomes more difficult, α-Al8Fe2Si particles may be 
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formed preferentially. Larger inter dendritic regions in high Si alloys provide more space for 
the distribution of these intermetallics, with an overall refining effect.  
 
Another explanation of this dramatic change in the morphology (plate-like particle to script-
like phase) of the Fe-bearing intermetallics in the high Si alloys can be understood through 
the branching nature of the -Al5FeSi plates as shown by in-situ 3D synchrotron X-ray 
micro-tomography [24] of the irregular α-Al/-Al5FeSi eutectic. In the present study it is not 
possible to confirm whether the script-like phase is α-Al8Fe2Si phase or finely branched--
Al5FeSi phase, as the thickness of the branches are very much less than 2 μm and hence 
the EDX analysis in an SEM cannot give precise atomic compositions due to larger 
electron-matter interaction volume. Therefore, we have adopted a commonly practiced 
approach and identified the Fe intermetallic phases based on their shape and/or 
compositions. 
 
Solidification of both the experimental alloys and the alloys studies in the Ref. [3] starts 
with the formation of α-Al solid solution dendrites and then the Fe-bearing intermetallics 
and Al-Si eutectic, but the order of the latter two depend on the solidification rate, and the 
Fe and Si levels. The initial explanation put forward in [2], i.e., that the shorter solidification 
path in the high Si alloy refined and dispersed the Fe-containing intermetallic particle, and 
the experimental result [3] with 0.8%Fe were opposite because the latter experiment 
considered only large (50 μm) SDAS specimen; it did not consider the influence of 
solidification rate on the nucleation of the different Fe-bearing particles or whether the 
nucleation of Fe-bearing particle onset in the pre-/post- eutectic stage. Should the SDAS in 
the experiments described in Ref. [2] had been below 30 μm, the faster solidification would 
have increased the number density of the particles and hence refined the intermetallics 
with the increased Si; nucleate relatively very large amount of the Fe intermetallics as the 
Si level increased. This suggests that these intermetallic particles possibly nucleate on the 
eutectic Si in this case, opposite (in the post eutectic stage) to what ThermoCalcTM 
predicts, and the larger volume fraction of eutectic region also assist to disperse the 
intermetallics in high Si alloys. When the SDAS (50 μm) is large, the nucleation of the β-
particle onsets in the pre-eutectic stage, as predicted by ThermoCalcTM, possibly [23] on 
the large oxide bi-films and due to the long-time interval until the growth stops the 
intermetallic particle size increased with the Si content as the solidification rate is not 
sufficient to form the α- intermetallics. Hence, as in practical casting condition, due to 
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solidification rates dramatically varies even with in a single casting a maximum SDAS 
should be set to achieve better ductility, depending on Si and Fe level of the alloy. In this 
case the Fig. 6-15 would assist anyone. 
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Figure 6-15: (centre)Simplified liquidus projection of the equilibrium ternary Al-Si-Fe 
phase diagram, calculated using ThermoCalcTM , with the compositions of the present 
alloys indicated. The line labelled Fecrit indicates the minimum Fe level for the formation of 
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pre-eutectic β-Al5FeSi phase. Images of the intermetallic particles extracted from Back 
Scattered Electron images ( Figs. 5 & 8 and 6& 9); the background shows the original BSE 
image where the dark regions are the locations of the intermetallic particles picked up 
from, and ordered with their decreasing area (bright). The alloy compositions studied are 
marked on the phase diagram for comparison. Images (fist row and second row) for the 
SDAS ~30 μm and 50 μm, respectively; alloys with 0.8Fe. (Third and last row) SDAS ~30 
μm and 50 μm for the 0.5 Fe alloy, respectively. All images are to the same scale to 
enable direct comparison. 
 
6.7.2 Al-Si-Cu-Mg-Fe Alloys 
 
Increasing Cu in the low Si alloys reduces the mean size of the intermetallics, Fig. 6-13 
(d). The size of the intermetallics increases with increasing Cu at high Si level but this 
does not mean the size of Fe-rich intermetallic particles increase with increasing Cu in the 
high Si alloy16. The size of the Cu-rich particles may considerably reduce if the alloys are 
heat treated [26]. The Fe-rich intermetallic particles are often “covered” by Cu-rich 
intermetallics and these Cu-rich particles are easily dissolved during heat treatment, 
whereas the Fe-rich intermetallics hardly dissolve at the usual solid solutioning 
temperatures [10]. The longest intermetallic particle in both low and high Si alloys 
increases in size with the Cu content; this is due to the formation of Al2Cu particle on the -
plates, clearly seen in Fig.6-11 (e)&(f). The combined particles are more finely and 
numerously (Fig. 6-13 (c) distributed in the eutectic region, compared to the low Si alloy, 
due to the high area fraction of the eutectic region in the high Si alloy.  
 
 
 
 
The important factors that determine the size of the Fe-rich particles (or their combined 
size with associated Cu-rich intermetallics) are the timing and site of the onset of 
                                            
16
 The size of the intermetallic particles measured in this experiment is the combined size of both Fe-rich and Cu-rich 
intermetallics as either of these particles can initiate the crack and provide a path for its propagation and hence cause 
fracture of these alloys when they are elongated. 
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nucleation of these particles during solidification.  If the nucleation starts prior to the Al-Si 
eutectic, the number density of nucleation sites is low in comparison with the post eutectic 
nucleation, hence the time period until the growth stops is very long, leading to very 
long/large intermetallics. ThermoCalcTM predictions of the onset of precipitation for each 
phase at low solidification rates generally support these conclusions. However, when the 
solidification rate increases, conflicts arise: a high solidification rate suppresses the onset 
of nucleation of the Fe-intermetallics, shifting it towards the post eutectic stage; the net 
result is well refined intermetallics even in the high Fe alloys. When the Fe level is low the 
refining of intermetallics can be easily achieved by a high Si content alone; should the Fe 
level be very high (>0.5%), refining of the intermetallics requires a high solidification rate 
as well as high Si or high Cu levels. This is in order to delay the nucleation of the Fe-rich 
intermetallics until the post eutectic stage.  
 
Figs.11 (a), (c) and (e) show that in the low Si alloys increasing Cu to 4 mass % refines the 
intermetallic particle size; adding the Cu level to 1 mass % levels implied no change in the 
size. Unlike for the 4 mass % Cu, the intermetallics (Fig. 6-11 (e)) became well refined 
even though the high Cu level introduced a large amount of Al2Cu particles). This suggests 
that the high (4%) level of Cu postpones the formation of Fe-intermetallics until the post 
eutectic stage in these particular solidification rates and alloy compositions, opposite to 
what ThermoCalcTM predicts.  Microstructures (with images of the intermetallics particles 
extracted and ordered as per their area) of the quaternary alloys studied are compared for 
given Cu and Si concentrations (for both 30 and 50 μm SDAS) around the phase diagram 
in Fig. 6-16 in order to compare the size refining effect of Si and Cu. A high Cu content 
refines the size of the intermetallics in low Si alloys at small SDAS, whereas it shows an 
opposite effect when either the SDAS or Si level is high. An increase in overall combined-
particle size is observed, even though they have been refined by the high Si content, due 
to the agglomeration of Al2Cu particles around the Fe-bearing intermetallic particles. 
Figures 15 and 16 should help anyone to choose an optimal alloy composition in order to 
produce a strong and ductile casting using secondary Al-Si-Cu alloys. For alloy with 
Fe<0.5, the optimal composition appears to be 9Si and 1 Cu,  and for alloys with Fe >0.5, 
a higher Si (>9 mass %) content, and at a maximum SDAS of 30 μm seems to be the best 
option 
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Figure 6-16: Images of the intermetallic particles extracted from Back Scattered Electron 
images. The alloy compositions studied are marked on the phase diagram for comparison. 
Images (first and second row for the 30 and 50 μm SDAS respectively) for the alloys with 
Al-4.5Si-(x)Cu-0.5Fe; (a) 0Cu, (b) 1Cu, and (c) 4Cu, (third and fourth row for the 30 and 50 
μm SDAS respectively) for the alloys with Al-9Si-(x)Cu-0.5Fe; (a) 0Cu, (b) 1Cu, and (c) 
4Cu.  
 
 
6.8 Conclusions 
 
 High levels of Si decrease the size of the Fe-bearing intermetallics in Al-Si-Fe alloys 
at 0.2 and 0.5 Fe level. This effect is accompanied by the formation of script-like 
phases, possibly α-Al8Fe2Si or branched -Al5FeSi plates, isolated or clustered 
together. 
 The script-like Fe-intermetallics are formed, in high Si alloys, at low and high 
solidification rates for the 0.2 and 0.5 Fe alloys. In the low Si alloys, this only occurs 
at high solidification rates. 
 The number density of script-like particles is higher in the high Si and low Fe alloys, 
suggesting that the eutectic Si provides additional nucleation sites. 
 A high level of Cu refines the intermetallic particles in the low Si alloys, but it may 
have the opposite effect when the Si level is high. 
 The optimal composition for a strong and ductile casting using secondary Al-Si-Cu 
alloys appears to be 9Si and 1 Cu, for the alloys Fe<0.5. For the alloy with Fe >0.5 
a high Si (>9 mass %) with a maximum SDAS of 30 μm. 
 SDAS should not exceed 30 μm when using more than 1Cu for both low and high 
Si, in order to have refined intermetallic particle distribution in the microstructure.   
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6.10 Appendix A: 
  
  
  
Fig. A-1: Back Scattered Electron images of typical microstructures of samples taken near 
the chill end (SDAS~ 30 μm) of the cast plates for the 0.2 Fe and (a & b) 3Si, (c & d) 5 Si, 
(e & f) 10.3Si alloys. Note images (a, c & e) are at higher magnification than images (b, d 
& f). 
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Fig. A-2: Back Scattered Electron images of typical microstructures of samples taken near 
the chill end (SDAS~ 30 μm) of the cast plates for the 0.5 Fe and (a & b) 4.9Si, (c & d) 7.6 
Si, (e & f) 9.5Si alloys. Note images (a, c & e) are at higher magnification than images (b, d 
& f). 
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Fig. A-3:  Back Scattered Electron images of typical microstructures of samples taken 
near the chill end (SDAS~ 30 μm) of the cast plates for the 0.8 Fe and (a & b) 4.5Si, (c & 
d) 9.0 Si, (e & f) 11.0Si alloys. Note images (a, c & e) are at higher magnification than 
images (b, d & f). 
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Fig. A-4: Back Scattered Electron images of typical microstructures of samples taken near 
the riser end (SDAS~ 50 μm) of the cast plates for the 0.2 Fe and (a & b) 3Si, (c & d) 5 Si, 
(e & f) 10.3Si alloys. Note images (a, c & e) are at higher magnification than images (b, d 
& f). 
  
 124 
 
  
  
  
Fig. A-5: Back Scattered Electron images of typical microstructures of samples taken near 
the riser end (SDAS~ 50 μm) of the cast plates for the 0.5 Fe and (a & b) 4.9Si, (c & d) 7.6 
Si, (e & f) 9.5Si alloys. Note images (a, c & e) are at higher magnification than images (b, d 
& f).  
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Fig. A-6: Back Scattered Electron images of typical microstructures of samples taken near 
the riser end (SDAS~ 50 μm) of the cast plates for the 0.8 Fe and (a & b) 4.5Si, (c & d) 9.0 
Si, (e & f) 11.0Si alloys. Note images (a, c & e) are at higher magnification than images (b, 
d & f). 
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Fig. A-7: Images of intermetallic particles extracted from Back Scattered Electron images 
(Figs. 6-3 & 6-6) and ordered with their decreasing area. Images (left) SDAS ~30 μm; 
(right) 50 μm; alloys with 0.2Fe and (a) 3.0Si, (c) 5.0Si, and (e) 10.3 Si. All images are to 
the same scale to enable direct comparison. 
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Fig. A-8: Histograms of the size of the intermetallic particles extracted from Back 
Scattered Electron images (Figs. 6-5&6-8). (left))SDAS ~30 μm (right) 50 μm for the 0.2 
and 0.5Fe alloys with low, medium and high Si. 
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Fig. A-9: (a) TEM image (dark region in the middle, looks like 2) and the EDX elemental 
(b)Al K(c) Si K (d) Fe K map of the α-Al8Fe2Si particle (script-like particles formed on the 
Alloys with high Si or high cooling rate; Al-11Si-0.8Fe.). Fe map (d) showing more intense 
than the Si map (c). The TEM sample was prepared by FIB. (scale bar 200 nm). 
 
 
α-Al8Fe2Si 
a 
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Fig. A-10: Unit cell of (a) hexagonal α-Al8Fe2Si [27] (b) monoclinic Al3Fe [28] and 
monoclinic [29] β-Al5FeSi plates. Note; only Al (blue) and Fe (brown) atoms are displayed, 
Si atoms may occupy at any of the Al.  
  
246 atoms / unit cell 
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102 atoms / unit 
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Fig. A-11: EBSD map of the area that contains plate-like β-Al5FeSi plates are layered on 
electron image; EBSP’s (back scatter electron detraction pattern) matched 17[3] to β-
Al5FeSi plates (green), EBSD band contrast and Euler colour maps are shown in the right. 
(last row) EDS quant map of Al, Si and Fe (respectively) showing the percentage 
composition of each element on the plate-like intermetallic found on the microstructures of 
                                            
17
 β-Al5FeSi, monoclinic; space group 2/m  with a=6.16760 b=6.1661 c=20.8093, β= 91; refer Fig. A-10 
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the 0.8Fe and 11Si alloy when the cooling rate was low, similar results were observed on 
the all of the alloys where plate-like intermetallics found.  
 
 
 
 
 
 
Fig. A-12: Electron and EDS map of the area that contains script-like intermetallic 
particles, on the Al-9Si-0.8Fe alloy (SDAS=25μm). Showing the theoretical wt.% of each 
element similar to that in α-Al8Fe2Si particle.  
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Fig. A-13: (top) electron image and (bottom) the EDS point analysis on a reasonably 
sufficient area of a α-Al8Fe2Si particle. Theoretical wt.% of each element should be 
Fe=31.8%, Si=7.9%, Al=60.4%; this is very similar to that values.  
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Fig. A-14: (top) electron image and (bottom) the EDS point analysis on a reasonably 
sufficient area of a α-Al8Fe2Si particle. Theoretical wt.% of each element should be 
Fe=31.8%, Si=7.9%, Al=60.4%; this is very similar to that values.   
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Fig. A-15: Electron and EDS map of the area that contains script-like intermetallic 
particles, on the Al-11Si-0.8Fe alloy (SDAS=25μm). Showing the theoretical wt.% of each 
element similar to that in α-Al8Fe2Si particle. 
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Fig. A-16: Secondary Electron image of the area that contains script-like intermetallic 
particles and plate-like particles on the Al-9Si-0.8Fe alloy. 
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General Discussion 
 
In Chapter 1, the introduction and literature review, it was suggested that the high level of 
Si content improves the ductility of high-Fe Al-Si-Cu-Mg alloys due to the refining effect of 
Si or Cu on the Fe- and Cu- bearing intermetallic particles. As an initial step to understand 
the mechanism responsible for this dramatic effect, a phase prediction analysis was 
undertaken. Chapter 2 provides an analysis of the sequences of different phase 
precipitation of the alloys studied in the literature. These were calculated, using 
ThermoCalcTM on the basis of the non-equilibrium solidification Scheil-Gulliver equation. 
Three hypotheses were developed based on the literature review and the computation 
analysis;  
Hypotheses: 
(1) Cu holds the Fe in the liquid (during solidification) until Al2Cu eutectic occurs and Cu 
refines the Fe and Cu rich intermetallics in the high Si containing Sr modified Al-Si-Cu-
Mg (Fe/Mn) alloys. 
(2) Increasing Si refines the intermetallics only in the presence of Cu in Al-Si-Cu-Mg alloys 
for a constant SDAS. It does not require any other element such as Mn and Sr to show 
this effect. 
(3) Increasing Si does not always increase/decrease the size of the -Al5FeSi plates in 
ternary Al-Si-Fe alloys for a constant SDAS. It depends on the concentrations of Si and 
Fe. If the Fe level is above, Fecrit, the Si dependent critical level for the formation of pre-
eutectic (before the Al-Si eutectic) -Al5FeSi plates then increasing Si will increase the 
size of the -Al5FeSi plates. If the Fe level becomes less (when increasing Si) than the 
Fecrit then it will form co-eutectic or post-eutectic -Al5FeSi plates, in this case 
increasing Si will results in decrease in the size of -Al5FeSi plates. 
 
 The key experiments noted in the literature [1-3] were carried out on samples of the 
alloys, taken from constant locations from the chill end of the test castings; it was expected 
to have constant cooling rates at that location and it was assumed that constant SDAS 
would prevail. In this work, it was suspected that the effect of solute content on the SDAS 
would impact on the analysis, and hence, a large set of SDAS measurements on these 
alloys were carried out against cooling rate and distance from the chill end for various Al-
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Si-Cu-Mg alloys. This work is reported in the published paper presented in Chapter 3 
where it was shown that the solute content, especially the Si or Cu, did have a 
considerable effect on the SDAS for given solidification rate.  
 
Based on these SDAS calculations in Chapter 3, microstructures of another set of ternary 
Al-xSi-0.8Fe with 4.5, 9.0, and 11Si alloys were compared for the intermetallic particle size 
and morphology at constant SDAS, and the findings are presented in Chapter 4. Another 
similar study for the Al-Si-Cu-Mg alloys with different Si and Cu levels were carried out to 
assess the effect of Cu on the size of these intermetallic phase particles at constant 
SDAS. This is presented in Chapter 5. 
 
Chapter 6 summarises all of the experiments carried out in this project and quantitatively 
analyses the size refining effect of high Si and high Cu content in Al-Si-Cu-Mg alloys at 
0.2, 0.5, and 0.8Fe content, for different SDAS samples. Some of the important findings 
which have not discussed in the Chapter 6 will be discussed, in section 7.4. 
  
7.1 Hypothesis 1 
There are two different size distributions of Fe-bearing intermetallic particles found in the 
Sr-modified-, Cu-Free-, high Si- Al-Si-Fe alloys, see section 7.4. The Fe intermetallics also 
showed an SDAS dependent effect on the size refinement of Fe-intermetallics in ternary 
Al-Si-0.8Fe alloys; Chapter 4. This suggest that SDAS, Si and Fe content, or Sr 
modification when the Si and Fe contents are high, are important to show the size refining 
effect on these intermetallic phase particles.  
 
Therefore, hypothesis 1 has been ignored. But, it is recommended for the Future work, 
Chapter 9. 
7.2 Hypothesis 2 
Experiments carried out on the ternary Al-(4.5-11) Si-Fe alloys with 0.2, 0.5 and 0.8Fe 
show that the Fe-bearing intermetallic particle size is refined, if the Fe level is < 0.5 mass 
% for a constant SDAS. High Si content in the alloy increased the size of the Fe-bearing 
intermetallic particle, if the Fe level is > 0.5 mass % and SDAS is > 25 μm. High Si content 
reduced the size of the intermetallic phase particles when the SDAS is <25μm, regardless 
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of the Fe content of the alloy. This is accompanied by the formation of the script-like Fe-
bearing intermetallic particles, possibly α-Al8Fe2Si phase. These experimental evidences 
do not support the 2nd hypothesis that “high Si refines the intermetallics only in the 
presence of Cu in Al-Si-Cu-Mg alloys, for a constant SDAS. It does not require any other 
element such as Mn and Sr to show this effect”. But, Cu also seems to influence on the 
size refining effect, as Si does, explained in Chapter 6; but it is evident only when Si level 
is very low (at 4.5 Si and 4 mass % Cu) and the SDAS is < 30 μm. 
  
7.3 Hypothesis 3 
This hypothesis is validated for SDAS > 25 μm. For the SDAS<25 μm, a high Si tends to 
be favourable for the nucleation of script-like Fe-bearing intermetallic phase and hence 
refines the size of these Fe-bearing intermetallic particles, in the ternary Al-Si-Fe alloys 
(unmodified alloys). 
 
The temperature difference between the onset of β-intermetallic phase and the eutectic Al-
Si, 𝑇β−eut, decreases (see 6-14) with the increased Si content for a constant Fe content. 
Hence, it would be expected to have a smaller size distribution of Fe-bearing intermetallic 
particles, as the time period for the growth of these particles would decrease with the Si 
content. This means, once the Al-Si eutectic has started nucleation and growth there 
would be a greater physical disruption for the growth of these intermetallics particles. But, 
in the case of 0.8Fe content, the experimental result was opposite when the SDAS is > 30 
μm; the size of the intermetallics particles increased with Si content. This is possibly due to 
the competition between the Fe-intermetallics and Al-Si, for the available nucleation sites, 
increased with the Si content and the Sr modification affect this, explained in section7.4. In 
the alloys with <0.5 Fe content the size of the intermetallic particles decreased with the Si 
content as well as the value of  𝑇β−eut, as expected. Fe-bearing intermetallics take a script-
like shape when a favourable solidification rate is imposed, i.e. at small SDAS. Hence, a 
high number density of well refined particles observed, see Figure 6-4. This requires, for 
example, very much >4.5 mass % Si in the Cu free alloys, and the amount of Si required 
changed according to the Figure 6-15. But, a high level of Cu (4 mass %) in the alloys with 
4.5 mass % Si also decreased the size of the intermetallics only when the SDAS is < 30 
μm.  
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7.4 Effect of Sr-modification on Fe-bearing intermetallics 
 
 
Figure 7-1: Back Scattered Electron image taken at an SDAS of ~ 45 μm in Sr-modified 
Al-11Si-0.8Fe alloy. “P” indicates the pre-eutectic β-plates and “O” post- or co-eutectic 
plates. (see Figure 4-3, in chapter 4, for detail) 
 
There are two different distributions of β-intermetallics that occur in Sr modified Al-Si-Fe 
alloys at high Si content (45 μm SDAS), Figure 7-1; (i) very large and few in number, (ii) 
intricately shaped with high number density. It can be easily understood, from the size 
distribution, that the large plates may have formed before the Al-Si eutectic reaction and 
the other particles may have formed in the post eutectic stage. According to ThermoCalcTM 
this alloy should start to precipitate the β-plates in the pre-eutectic stage but the reaction 
continues until near the end of solidification. Hence, there are possibilities for both 
nucleation and growth of these particles even in the post eutectic stage.  
 
There will be a competition for the available nucleation sites for the nucleation of both 
eutectic-Si and Fe-bearing intermetallics when the Si and Fe level are high, if the 
nucleation sites for both of these phases are the same. This may be the reason why, Fig. 
4-3.(a-c) in the Chapter 4, the size of the Fe-bearing intermetallics increased when the Si 
level was increased. Once Sr is introduced into the melt (for the high Si alloy), there may 
be alternative possible nucleation sites, Al2Si2Sr2, and sufficient undercooling available for 
the eutectic Si and hence less competition between the nucleation of eutectic Si and the 
Fe-bearing intermetallics which are forming in the post eutectic stage, leading to the 
refinement of both eutectic Si and the Fe-bearing intermetallics.  
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Others [39] suggest that the nucleation sites for the intermetallics are poisoned by 
Al2Si2Sr2 particles in the early stage of solidification; Al2Si2Sr2 precipitates on the AlP 
particles hence, due to the lack of nucleation sites, only a very few β-intermetallics can be 
nucleated and the rest of the Fe should form on the eutectic Si in the post eutectic stage. 
But, this does not explain the curved shaped intermetallics, Figure 7-1 where the large 
intermetallics seem to occur with the α-Al dendrites and the small (often curved) 
intermetallics appear in the eutectic regions. This shows that they nucleate at different 
stages of the solidification, pre- and post-eutectic stage. A recent in-situ 3D X-ray micro-
tomography [40] study suggests that these type of curved shaped intermetallics are still 
the β-intermetallics as the usual plates. 
 
 But, the aim of the present study was to elucidate the size refining effect on the Fe-
bearing intermetallic phase particles. Hence, this important finding suggests that Sr-
modification does influence on the refinement of these particles, i.e. it will increase the size 
of the Fe-bearing intermetallic particles, if the composition of the alloy is sufficient to 
nucleate the intermetallics in the pre-eutectic stage otherwise it would cause to increase 
the number of the intermetallics particles by providing high number density of nucleation 
sites and refine the intermetallic particle size. 
 
Figure 6-15 and Figure 6-16 would be comparison tools when determining the alloy 
composition for a casting with micro-structure of well refined intermetallic particle 
distribution. 
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Summary and conclusions 
 
8.1 Summary 
 
This study focused mainly on the size refining effect of Si and Cu content on the 
intermetallic phase particles, especially on the -Al5FeSi plates and Al2Cu. Thermal 
information during solidification and the resulted SDAS, measured on optical microscope 
images, of the microstructures were used to obtain a relationship between solidification 
rate and SDAS. Back scattered electron micrographs of these alloys were used to 
compare the size of these Fe-/Cu- bearing intermetallic phase particles, using image 
analysis software, Image-Pro®. The sequence of different phase precipitation of the alloys 
studied was calculated, using ThermoCalcTM on the basis of Scheil-Gulliver equation. 
 
Microstructures of constant SDAS were used to compare the effect of several Fe Al-Si-Cu-
Mg alloys. A high level of Si content refines the size of the intermetallics particles up to 
0.5Fe level regardless of the SDAS. It shows an opposite effect when the Fe level is >0.5 
and SDAS is > 30 μm.  
 
Two different distribution of β-intermetallics were observed in Sr modified Al-Si-Fe alloys at 
high Si content (45 μm SDAS); (i) very large and few in number (ii) intricately shaped with 
high number density. This suggested that the Sr-modification influenced on the refinement 
of these particles. i.e. it will increase the size of the Fe-bearing intermetallic particles, if the 
composition of the alloy is sufficient to nucleate the intermetallics in the pre-eutectic stage 
otherwise it would increase the number of the intermetallics particles by providing high 
number density of nucleation sites, and refine the intermetallic particle size. 
 
This study shows how to optimise the alloy composition in order to obtain a micro-structure 
with refined intermetallic particles size for various Si, Cu and Fe composition of the alloy, 
hence ensuring a minimum ductility for the cast alloy. 
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8.2 Conclusions 
SDAS 
1) For given cooling rate, SDAS decreases with an increase in overall alloy content 
for the range of experimental Al-Si-Cu-Mg-(Fe) alloys studied here.  
2) The relationship between cooling rate and the SDAS for the alloys was determined 
in the form of  𝜆2 =  a 𝑅
−𝑛 where a and n are composition-dependent fitting 
parameters, that also depend on the cooling rate calculation method.  
3) Increasing the Si content from 4 to 9 mass % reduces the SDAS by more than 35 
% (for a given cooling rate), regardless of other solute content levels. 
4) Increasing the Cu content from 1 to 4 mass % produces a reduction in SDAS which 
compares with the effect of increased Si; however, the effects of Si and Cu are not 
additive due to Si hinders the coarsening before the Al2Cu does.   
5) The combined presence of high levels of Cu, Si and Fe which produces 
intermetallics throughout the entire solidification process, but particularly in the 
latter stages, hinders the SDAS coarsening, refining the SDAS for given cooling 
rate. 
6) The cooling rate of any given alloy should be calculated between the liquidus and 
solidus points (method CR1 in this work) to best describe composition effects on 
the SDAS, especially for high solute alloys which precipitate large amounts of post-
eutectic intermetallics and/or eutectic Al-Si. 
Effects of Si and/or Cu on intermetallics 
1) Fe intermetallics form as two different phases: (1) α-Al8Fe2Si, at high solidification 
rate in high Si content alloys; (2) β-Al5FeSiat low solidification rate, especially at 
low Si content alloys.   
2) Increased Si leads to an increased size of the β-phase at lower cooling rates. 
3) A preferential formation of α-phase particles is observed at high cooling rates, 
leading to an overall decrease in the size of the intermetallics. 
4) Modification with Sr increases the size of pre-eutectically (Al-Si) formed β-Al5FeSi 
intermetallic plates whereas it reduces the co-eutectic and post eutectic β-Al5FeSi 
plates, especially at low cooling rates. i.e. there are clearly two different distribution 
of Fe-bearing intermetallics that form in Sr-modified Al-Si-Fe alloys. 
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5) High  levels of Si and/or Cu decreased the amount and size of the β-Al5FeSi 
platelets  in Al-Si-Cu-Mg-Fe casting alloys, especially at small SDAS if the Fe level 
is below the Si dependent critical level for the formation of the pre-eutectic platelets 
(for the Fe-bearing phases precipitation in the post eutectic stage). 
6) The Fe-bearing intermetallics become script-like, alpha-Al8Fe2Si, at small SDAS 
while at large SDAS they take a plate-like, β-Al5FeSi, shape.  
7) At small SDAS, in the low Si (4.5%) alloys, Cu actually leads to decreased  size of 
the interemetallics whereas in the Cu-free, high-Si alloy, the plates are replaced by 
a mixture of the irregular alpha-Al8Fe2Si and β-Al5FeSi platelets, i.e. in the Cu 
containing alloys, plates are formed even at small SDAS.  
8) High levels of Si decrease the size of the Fe-bearing intermetallics in Al-Si-Fe 
alloys at 0.2 and 0.5 Fe level. This effect is accompanied by the formation of script-
like phases, possibly α-Al8Fe2Si or branched β-Al5FeSi plates, isolated or clustered 
together. 
9) The script-like Fe-intermetallics are formed, in high Si alloys, at low and high 
solidification rates for the 0.2 and 0.5 Fe alloys. In the low Si alloys, this only 
occurs at high solidification rates. 
10) The number density of script-like particles is higher in the high Si and low Fe alloys, 
suggesting that the eutectic Si provides additional nucleation sites. 
11) A high level of Cu refines the intermetallic particles in the low Si alloys, but it may 
have the opposite effect when the Si level is high. 
Alloy selection and design 
1) The optimal composition for a strong and ductile casting using secondary Al-Si-Cu 
alloys appears to be 9Si and 1 Cu, for the alloys Fe<0.5, and for the alloy with Fe 
>0.5 a high Si (>9 mass %) with a maximum SDAS of 30 μm.  
2) The SDAS should not exceed 30 μm for Cu >1%, for both low and high Si, in order 
to obtain a well refined population of intermetallic particles.  
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Chapter 9: Future Work 
 
 
Based on the results and achievements in the present thesis, suggestions for future 
research on the refining mechanism of high Si on the intermetallics in Al-Si-Cu-Mg alloys 
can be made as followings: 
1. As the hypothesis 1 (see section 7-1) has been ignored it is recommended to further 
study the evolution of Fe-/Cu-bearing intermetallics phase particles during 
solidification with the range of alloy composition and solidification rate. Conclusions 
were derived from the analysis on the final microstructures of the castings. It is 
recommended to observe the solidification process during casting to see the 
evolution of various intermetallic phases, especially in 3D. Hence, in situ 
synchrotron 3D x-ray micro-tomography experiment is recommended. Even though, 
this experiment can reveal the evolution of the intermetallics sequence, there are 
limitations for obtaining high resolution images during fast cooling. But, this 
experiment would still be beneficial to compare the results with the findings of this 
thesis.   
2. EBDS/TEM analysis to understand the nucleation sites for these Fe-bearing 
intermetallic phases in the presence and absence of Cu or Sr.  
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Appendix B 
 
Effect of Si and Cu content on the size of intermetallic phase 
particles in Al-Si-Cu-Mg-Fe alloys 
 
T. Sivarupan18*, C. H. Cáceres1, 2 and J. A. Taylor1 
1CAST Co-operative Research Centre  
2ARC-Centre of Excellence for Design in Light Metals 
Materials Engineering, School of Mechanical and Mining Engineering, 
The University of Queensland, Brisbane, QLD 4072, Australia 
The first International Conference on Metallic Materials and Processing (ICMMP 2012)  
8 — 11 July 2012, Hotel Grant Chancellor 
Surfers Paradise, Gold Coast, Queensland, Australia 
 
Abstract 
Quasi-directionally solidified plate sand castings were prepared using unmodified Al-xSi-
yCu-0.1Mg-0.5Fe alloy with varying compositions of Si (x = 4.5 or 9 wt.%) and Cu (y = 0, 1 
or 4wt.%). The individual effect of Si concentration and combined effect of Si and Cu 
content on the size of the intermetallic phase particles (e.g. β-Al5FeSi and Al2Cu) have 
been qualitatively assessed at constant secondary dendrite arm spacing. Both of these 
phases can be detrimental to the tensile properties of the alloy, especially ductility. Optical 
microscopy studies were implemented to identify the location of particular secondary 
dendrite arm spacing (SDAS) and back scattered electron images were used to compare 
the size of the intermetallics containing heavy elements, Fe and/or Cu. The observations 
show that increasing the concentration of Si alone or increasing Si and Cu together results 
in a reduction in the size of the plate-like β-Al5FeSi intermetallic phase. This result 
suggests that the use of high Fe-containing secondary aluminium metal is likely to be less 
                                            
*Corresponding author email: t.sivarupan@uq.edu.au, (T. Sivarupan) 
 149 
 
detrimental in high Si- and Cu-containing variants of the Al-Si-Cu-Mg alloy family than in 
the low Si/Cu variants. 
Key words: Secondary dendrite arm, sandcasting, intermetallics, aluminium silicon alloy  
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Appendix C 
 
 
(a)       (b) 
Figure C-1: Comparison of the thermal information obtained during solidification of the 
Alloys,(a) 1, 2, and 14, (b) 5, 6, and 18. Refer Table 6-2 for the alloy number. 
 
 
(a)       (b) 
Figure C-2: Cooling curves of the alloys 5 & 6; data from Figure A-1. Refer Table 6-2 for 
the alloy number. 
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(a)       (b) 
Figure C-3: Cooling curves of the alloys 1 & 2; data from Figure A-1. Refer Table 6-2 for 
the alloy number. TDen and TEut are the Al solid solution dendrite and Al-Si eutectic 
formation temperatures as calculated by ThermoCalcTM; Table 2-2 and 3. 
 
 
(a)       (b) 
Figure C-4: Cooling curves of the alloys 14 & 18; data from Figure A-1. Refer Table 6-2 
for the alloy number.TDen and TEut are the Al solid solution dendrite and Al-Si eutectic 
formation temperatures as calculated by ThermoCalcTM; Table 2-1. 
